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ABSTRACT  
Exploration of the Fundamentals of  
Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 
William J. Erb 
Kevin G. Owens, Ph.D. 
 
 
 
 
This thesis focuses on the study of different tools used for preparing samples for MALDI 
TOFMS and the utilization of these tools to study different ionization processes operating in the 
MALDI experiment.   
The electrospray deposition technique was employed to study the effect of salt/analyte 
(S/A) ratio, a critical factor for the quantitation of synthetic polymer samples.  The analysis was 
performed with four different matrices: DHB, CHCA, dithranol, and DCTB, with three different 
alkali ions: lithium, sodium, and potassium.  The results obtained from titrating a PMMA 6800 
sample with different alkalis in the presence of different matrices produced varying results, from 
an “ideal” titration curve using sodium with the DHB matrix to a “non-ideal” titration curve (i.e., 
increasing analyte signal up to a S/A value of approximately 1, followed by a decreasing analyte 
signal with further increases in salt) for sodium with the dithranol matrix. 
Utilization of  a specially designed split probe in which the segregation of the PEG 1500 
analyte and the lithium hyrdroxide cationization agent was complete, demonstrated the 
unequivocal proof of gas phase cationization.  A dual electrospray deposition system was 
successfully developed in which two solutions are sprayed simultaneously, ensuring that the 
contents of the independently prepared samples are not mixed in the solution state.  This device 
was used for the further study of both the gas phase cationization reactions of polymers and the 
counterion exchange reaction observed with inorganic complexes.  
Four matrices were used to analyze a ruthenium dimer complex in which the use of all 
matrices except DCTB led to dissociation of the non-covalent bonds of the dimer complexes.  An 
analysis of hetero ligand ruthenium complexes with all matrices except DCTB demonstrated a 
 
 xx
counterion exchange reaction where the ClO4- or PF6- counterions were substituted by a matrix 
anion.  
Performing TOFMS instrument mass calibration using synthetic polymer calibrants with 
different molecular weight ranges uncovered visual and mathematical methods for evaluating the 
accuracy of the calibration function.  Statistical analysis of systematic errors in the observed mass 
deviations enabled development of a correction method that yielded corrected mass values 
acceptable for use in accurate mass measurements.   
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CHAPTER 1:  INTRODUCTION & OVERVIEW 
 
 
This chapter will briefly discuss the matrix-assisted laser desorption/ionization (MALDI) 
process and the important steps that constitute it.  As there are a number of reviews of the 
different processes available, each step will be briefly described and references to the appropriate 
review articles will be given.  The second part of this chapter is an overview of the thesis and will 
put into perspective which MALDI processes were being studied during the different experiments 
that were performed. 
 
MALDI TOFMS 
 
Since the development of the MALDI technique in the late 1980’s, it has found wide use 
in the analysis of a variety of analytes.1, 2  The various analytes that have been studied range from 
biological materials such as peptides, proteins, carbohydrates, and oligonucleotides, and other 
types of analytes such as synthetic polymers and materials, and also some small molecules, such 
as inorganic complexes and small drug molecules.3, 4   
In UV-MALDI a laser irradiates a surface that contains a UV-absorbing compound 
known as a matrix, which is usually mixed along with the analyte and any other additives.  
During the laser irradiation the sample is desorbed from the surface, ionized and then the ions 
begin their flight through the instrument.  Modern instrumentation uses of delayed extraction, 
which is the pulsing of the ions from the source using an acceleration voltage after a fixed time 
delay.  The ions then move through a field-free drift region where they either collide with a 
detector in a linear operation or they are turned around in an electric field and refocused onto a 
detector in reflectron operation. 
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Many groups have focused their research on the improvement of the MALDI technique 
through the study of the different steps in the process.  The MALDI process can be broken down 
into four main steps: sample preparation, desorption, ionization, and mass analysis.  The sample 
preparation step is possibly the most important step of the entire process, as it affects all of the 
subsequent processes.  Through the years various research groups have come up with many 
different ways of preparing and depositing MALDI samples.  The importance of different sample 
preparation processes has been extensively reviewed.5, 6
The desorption process is the second step in the MALDI process.  The most commonly 
used laser source for ultraviolet (UV)-MALDI is a nitrogen laser producing light at a wavelength 
of 337nm.  The desorption has been shown to be a supersonic expanding plume of ions and 
neutrals.7   
The third step in the MALDI process is ionization.  Ionization is believed to occur in both 
the originally prepared solution phase as well as the gas phase in the expanding plume.  Within 
the initial desorption plume there is believed to be a very dense gas of ions and neutrals.  This 
plume can be viewed as a location for different chemical reactions.  There have been many 
investigations which focus on determining, what occurs within the plume.  The ionization process 
of MALDI is a highly debated topic and is the topic of multiple reviews.8-11   
The final step of the MALDI process is mass analysis.  The MALDI technique has been 
attached to a variety of mass analysis systems, such as the time-of-flight mass spectrometer 
(TOFMS), Fourier-transform ion cyclotron resonance, and quadrupole TOFMS.  In this thesis we 
will use the TOFMS as the analyzer.  TOFMS existed for decades, but has given new life with the 
invention of MALDI.  The fundamentals of TOF instruments are well understood and have been 
discussed previously.12-14  The difficulty with this final step in the MALDI process is not only in 
the interpretation of the spectra obtained, but also in the ability to ensure that data are both 
accurate and precise.  Much work has been done on the improvement of key areas such as 
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sensitivity, calibration, and quantitation.  Excellent review articles describe both calibration and 
quantitation models.15-17    
Although much work has been done to understand the different processes operating in the 
MALDI experiment, there are still significant unknowns with respect to the physics and 
chemistry of the different processes. 
 
Overview and Organization of the Thesis 
 
The general focus of this thesis is to further develop the understanding of the MALDI 
process and to study the plume chemistry that occurs within the desorption and ionization steps.  
The work presented here covers different parts of the MALDI process, from sample preparation 
to mass analysis.   
 Chapter 2 is the experimental section that describes the general details of the experiments 
performed.  Details that are critical to the understanding of the work presented will be explained 
in greater detail within the individual chapters.  Chapters 3-7 each cover the specific experiments 
performed to provide new insight into some of the different MALDI processes that have been 
discussed within this chapter.   
 Chapter 3 focuses on the mass analysis step with a study of methods for mass calibration 
of a TOFMS.  Although calibration may seem to be a routine procedure, further insight and useful 
information has been obtained through the analysis of several different polymer systems.  This 
chapter will also cover some details of the sample preparation step that may affect the outcome of 
the calibration procedures.  Some of the small details that are often overlooked by experimenters 
when mass calibration is performed are also discussed. 
 Chapter 4 discusses the development of a dual electrospray sample preparation device 
that will assist in the studies of the gas phase ionization process.  This device is a modification of 
the single spray electrospray deposition device that has been the topic of previous group 
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members’ theses.18, 19  The focus of this chapter is mainly on the sample preparation process for 
MALDI, although the device is used in the study of the ionization process as described in chapter 
7. 
 Chapter 5 describes two gas phase processes that are observed in the analysis of various 
samples.  The study of gas-phase cationization involves the analysis of synthetic polymer 
materials, while the investigation of a counterion exchange reaction involves specific ruthenium-
containing inorganic complexes.  The experiments performed in this chapter utilize both a split 
probe apparatus, which was previously developed by Richard King20, and the dual spray 
electrospray system discussed in chapter 4.   
 Chapter 6 discusses the investigation of the cationization process for synthetic polymers.  
The work presented here is a continuation of the previous work performed by Andrew Hoteling.21  
The results of analyzing a polymethylmethacrylate sample with four different matrices and three 
different cations are shown in order to give new insight into the importance of the sample 
preparation process, the efficiency of the ionization process, and improvement in the quantitation.   
The work presented in this chapter can be linked to all the steps of the MALDI process.  
 Chapter 7 focuses on the analysis of ruthenium-containing inorganic complexes and the 
different results that can be observed from the MALDI process.  This chapter not only discusses 
the qualitative information that was obtained, but also provides information on how to begin to 
obtain quantitative information about the actual structures that have been synthesized.  The goal 
of the work of this chapter is to demonstrate the effect that the different MALDI process steps 
have on the analysis of synthetic samples and to further explore the use of MALDI as an 
analytical tool.  
 Chapter 8 will focus on the future work that will further explain the results demonstrated 
within this thesis.  Also, other preliminary experiments that were performed, but are not 
contained in other chapters of this thesis, are discussed. 
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CHAPTER 2: EXPERIMENTAL 
 
 
Introduction 
 
This chapter will provide details about the instrumentation, sample preparation, and data 
processing employed for the experimental results presented in chapters 3-7.  The discussion will 
first cover general information that pertains to all chapters, followed by separate sections for each 
chapter including detailed sample preparation and analysis information.   
 
Instrumentation 
 
MALDI TOFMS 
 
Two different instruments were used for the MALDI TOFMS experiments.  The first 
instrument was a custom-built linear time-of-flight mass spectrometer (TOFMS).  Samples are 
dried on a polished stainless steel probe tip and loaded one at a time through a vacuum interlock.  
The sample probe forms an integral part of the back plate of a gridded two-step ion source.  All 
grids are constructed using 70 lines/inch Ni mesh (Buckbee-Meers, Inc., St. Paul, MN).  A 
custom-built delayed extraction system is used to apply potential to the instrument ion source. In 
positive ion mode the back plate and acceleration grid are held at +16kV DC; after an adjustable 
delay time (typically 1.50µs to 2.50µs) a +1600V pulse is applied to the back plate to push the 
ions out of the source. Under our operating conditions the voltage pulse amplitude is held fixed 
and the time delay between the laser and extraction pulse is adjusted to focus ions of different 
mass/charge ratio at the detector. The total flight distance is approximately 1.3m.  The instrument 
is pumped by a Varian, Inc. (Lexington, MA) VHS-6 diffusion pump backed by an Edwards High 
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Vacuum Inc., (Wilmington, MA) EDM12 dual-stage rough pump.  Normal operating pressure in 
the instrument is 5x10-7 torr.  A Laser Science (Cambridge, MA) VSL-337ND sealed-tube 
nitrogen laser is used to form ions from the sample surface.  The output of the laser is attenuated 
using a variable neutral density filter (Reynard Enterprises, Inc., Laguna Niguel, CA) and focused 
on the surface at an angle of incidence of 45o with a 300mm focal length lens, resulting in an 
irradiance of approximately 1 MW/cm2.  The approximate size of the rectangular-shaped laser 
spot on the target is 490 x 200 µm.  The ions are post-accelerated and detected by the -1800V 
applied to a Burle Electro-Optics, Inc. (Sturbridge, MA) AP-TOF dual microchannel plate (MCP) 
detector.  The ion signal is digitized by a LeCroy, Inc., (Chestnut Ridge, NY) model 9354M 
digital oscilloscope with a timebase resolution of 1ns/point. The averaged data are transferred 
using LeCroy ScopeExplorer version 2.20 software to an IBM PC compatible computer for data 
analysis and plotting using Galactic Industries Inc., (Waltham, MA) GRAMS/AI version 7.01 
software. 
All other data were collected using a Bruker Daltonics (Bremen, Germany) Reflex III 
MALDI TOFMS, equipped with a 337 nm nitrogen laser, capable of operating in both linear and 
reflectron modes.  All data were obtained in reflectron mode using 20kV total acceleration on a 
standard scout 26 probe and a 50 shot summation.  In order to focus for different mass ranges the 
the IS1 and IS2 voltages were adjusted.  In the studies of higher molecular weight materials 
above 2000 Da the use of a low mass deflection was set at 2 kv and the deflection mass was 
adjusted for individual samples. 
 
Split probe 
 
A specially designed SS split probe, which Richard King previously built in his thesis 
work, is used for the experiments described in chapter 5 in order to ensure complete segregation 
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of the analyte and the cationization reagent.1  The probe is constructed from two separate pieces 
and is joined together with a set screw bringing the two pieces together with a separation of 
approximately 1μm between the two sides.  The small gap allows the focused laser spot to 
illuminate both sides of the split probe simultaneously.  This apparatus was designed for use with 
the custom-built TOFMS only. 
 
Atomic absorption spectroscopy measurements 
 
All measurements of matrices and analytes for alkali contamination were performed 
using a Varian Techtron Pty Ltd. (Mulgrave, Victoria, Australia) AA-240FS Atomic Absorption 
Spectrometer using the Spectra AA version 5.01 PRO software.  Sodium and potassium 
measurements were accomplished in absorption mode using a Buck Scientific, Inc., (East 
Norwalk, Connecticut) sodium/potassium hollow cathode lamp.  Sodium measurements were 
made over the working range of 0.002µg/ml-1µg/ml at 589.0nm with a 0.5nm slit width. 
Potassium measurements over the range of 0.03µg/ml-2µg/ml were made at 766.5nm with a slit 
width of 1.0nm.  Lithium absorption measurements were made using a Buck Scientific, Inc., 
lithium hollow cathode lamp with a working range of 0.02µg/ml-5µg/ml at the wavelength of 
670.8nm with a slit width of 1.0nm.  The fuel used was acetylene and the oxidant was air.   
 
Materials 
 
MALDI matrix materials 
 
The matrix materials, 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic 
acid (CHCA), trans-3-indoleacrylic acid (IAA), and dithranol, were all obtained from Aldrich 
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Chemical Company (Milwaukee, WI).  Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]-malonitrile (DCTB) was purchased from Fluka (Steinheim, Switzerland).  The 
measurement of alkali contamination of each of the matrices was done using flame atomic 
absorption spectroscopy.  All matrices were used as received unless otherwise noted.  The 
recrystallized DHB used in experiments was previously recrystallized out of deionized water (DI 
H2O).  In chapter 5 unrecrystallized DHB matrix was treated with Dowex 50Wx8-100 ion 
exchange resin purchased from Aldrich Chemical Co. in order to reduce the amount of alkali 
present. 
 
Cationization agents 
 
The sodium trifluoroacetate (NaTFA) (98% purity), lithium hydroxide (LiOH) (99 atom 
% 7Li, lithium trifluoroacetate (LiTFA) (95% purity), and potassium trifluoroacetate (KTFA) 
(98% purity) salts used as cationization reagents were all purchased from Aldrich Chemical Co. 
(Milwaukee, WI).  All salts were used as received.   
 
Alkali cleaning materials 
 
A 0.25M solution in DI H2O of diammonium hydrogen citrate (DAHC) purchased from 
Sigma Chemical Co. (St. Louis, MO) was used routinely for cleaning the sample plate.     
 
Analytes 
 
Polyethylene glycol (PEG) 1000, 1500, 2000, and 4600 materials were purchased from 
Aldrich Chemical Company.  PEG 6000 was purchased from Fluka, Steinheim, Switzerland.  
Polyethylene glycol monomethylether (MPEG) 2000, 4600, and 5500 were purchased from 
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Polymer Source, Inc. (Dorval, Canada).  Poly(propylene glycol) 1000, 2000, and 3500 were 
purchased from Aldrich Chemical Company, Milwaukee, WI.  Poly(methyl methacrylate) 
(PMMA) 6820 was purchased from Polymer Laboratories, (Shropshire, UK).  PMMA 6000 and 
6800 were purchased from Polymer Source, Inc.  All polymers analytes were narrow distribution 
polymers. 
 
Solvents 
 
The DI H2O was prepared using a Barnstead E-Pure filtration system capable of 
resistivities up to 18.2 megohm-cm and TOC levels below 10 ppb, and contains a 0.2 micron 
absolute final filter that removes bacteria and particulates.  All other solvents used were of HPLC 
grade.  Methanol and acetone were purchased from Fisher Scientific, Inc. (Fair Lawn, NJ).  
Inhibitor free tetrahydrofuran (THF) was purchased from Acros Organics (Morris Plains, NJ).  
Trifluoroacetic acid (HTFA) was purchased from Aldrich Chemical Company. 
 
Data Analysis 
 
All data collected on the Bruker Reflex III were acquired with XACQ version 4.0 
software on a Sun (Sunnyvale, CA) Sparcstation 5 workstation.   The data acquired were 
transferred from the Sun to a PC for data processing.  Plotting of the spectra for demonstration 
and interpretation purposes with no manipulation of the data was done using Galactic Industries 
Inc. GRAMS AI software. 
 Data collected on the custom-built linear TOFMS were processed as discussed in the 
instrumentation section.  The calibration of data was done using the GRAMS AI software using 
the AB program MASSADJ from the Grams 386 program. 
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 Peak integrations for quantitative studies were performed using Sierra Analytics, LLC 
(Modesto, CA) Polymerix version 2.0 software.  In all cases the full isotope envelope was 
measured.  When measuring the polymer peak areas, the homopolymer analysis tool was utilized 
and the proper oligomer of interest was chosen.  All data were baselined using the polymerix 
program under data processing-peak detect tab, and the baseline width was adjusted according to 
the series of experiments being performed.  When measuring the inorganic complexes, the 
expected elemental composition was determined and used to select the peak areas for the different 
reactions. 
 The calibration procedure utilized with the Bruker Reflex III TOFMS is explained in 
detail in chapter 3.   
 
Sample Deposition Methods 
 
Dry drop method 
 
All experiments using the dry drop method involved the pre-mixing of matrix, analyte, 
and cationization agent where appropriate. A 0.5µl aliquot (for the Bruker Scout 26 probe) or a 
2µl aliquot (for the custom-built instrument probe) was deposited and allowed to dry.  To speed 
the process of drying the Scout 26 probe was placed in a Waters HPLC column heater that was 
held at 40ºC.   
 
Electrospray deposition method 
 
The electrosprayed samples were prepared using a custom built electrospray deposition 
(ESD) apparatus.2  The apparatus was constructed from a Harvard Apparatus Inc. (Holliston, 
MA) model 22 infusion pump and a custom-built high voltage power supply (based on a Bertan, 
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Inc. (Hauppauge, NY) model PMT-75CP-3 0 250 µA precision PMT power supply module, 
output voltage 0–7.5 kV). The electrospray (ES) needle is a 100mm length of 1.6 mm o.d. x  
0.25 mm i.d. stainless steel (SS) HPLC tubing (Alltech, Inc., Deerfield, IL) mounted in a delrin 
holder. A 1000 µL gas-tight syringe (Hamilton, Inc., Reno, NV) mounted in the infusion pump is 
connected to the ES needle by a 0.5 m length of 0.125 mm i.d. teflon tubing using a Hamilton 
three port 90º flow path manual valve (Hamilton Company, Reno, NV). In a typical experiment, 
50 µL of the premixed sample solution is loaded into the ES needle.  Figure 2-1 shows the 
diagram for the current setup of the single spray electrospray deposition system.  The sample flow 
is set at a rate of approximately 2 to 5 µL per minute (depending on the matrix and solvent 
combination) while a potential of approximately 5 to 7 kV is applied to the needle. Typical spray 
times are 5s to 30s. When the sample substrate is held at ground potential at a distance of 15 to 25 
mm away, a 2 to 2.5 cm diameter circular spray pattern is created. 
 
 
 
 
Figure 2-1.  Displayed is the diagram of a conventional electrospray deposition apparatus with a 
single needle. 
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Dual electrospray deposition method 
 
The design of the dual electrospray deposition apparatus is based on the original single 
spray design.  The apparatus was constructed from the same syringe pump and the original power 
supply along with a new custom-built high voltage power supply (based on a Spellman High 
Voltage, Inc. (Hauppauge, NY) model PMT-100C-P3 0 250 µA precision PMT power supply 
module, output voltage 0–10 kV). The ES needles are a 100mm length of 1.6 mm o.d. x 0.25 mm 
i.d. SS HPLC tubing (Alltech, Inc., Deerfield, IL) mounted in a delrin holder. A 1ml gas-tight 
syringe (Hamilton, Inc., Reno, NV) mounted in the infusion pump is connected to each of the ES 
needles by a 0.5 m length of 0.125 mm i.d. teflon tubing using a Hamilton three port 90º flow 
path manual valve (Hamilton Company, Reno, NV).  In a typical experiment, 50 µL of each of 
the sample solutions are loaded into the separate ES needles. The samples flow at a rate of 
approximately 5µL per min while a potential of approximately 5 to 7 kV is applied to the needle. 
Typical spray times are 5s to 10s. When the sample substrate is held at ground potential at a 
distance of 20 mm away, a 1 to 2 cm diameter circular spray pattern is created.  The sample plate 
is mounted in a custom designed rotation platform based on a modified 12V computer fan that 
allows for the mixing of fine layers of the two different needles.  A photograph of the sample 
stage can be seen in Figure 2-2.  The system consists of a computer fan for the rotation of the 
sample plate, and an aluminum holder to keep the sample plate in place.  In order to keep the 
plate at ground potential, posts were mounted on the edges of the fan and thin wires were brought 
into contact, but not attached to the holder.  This allowed for the free rotation of the sample plate, 
but kept the sample plate grounded.   
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Figure 2-2.  Photograph of the sample holder apparatus utilized for the dual electrospray system 
in which the sample plate is placed in the middle of an aluminum holder mounted onto a 
computer fan (fan blades removed) that has been grounded with contact wires to allow free 
rotation of the sample plate. 
 
 
 
Sample Preparation Details 
 
Chapter 3 
 
Sample solutions of PPG and PEG for the different repeat unit studies were prepared at a 
concentration of 5 mg/mL.  The MALDI matrix used for this study, DHB, was prepared at 0.10M 
concentration. The matrix was previously recrystallized in order to reduce alkali contamination. 
The cationization reagent used in these experiments was NaTFA prepared at a concentration of 
0.05M. All solutions were prepared in methanol. 
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 The polymers used in the different end group experiments were MPEG and PEG groups 
and were prepared by weighing out 2-5mg of solid and dissolving in 1ml of solvent.  The MALDI 
matrix was recrystallized DHB prepared at a concentration of 0.10M.  A cationization agent 
solution of NaTFA was prepared at a concentration of 2-5 mg/ml, this solution was then diluted 
to a concentration that was less than the concentration of the analyte.  All samples were made 
using THF as solvent.  The sample mixtures were prepared by varying the matrix/analyte ratio; 
the salt/analyte ratio was kept constant around a 2:1 molar ratio in order to ensure full 
cationization of the polymer analyte.  The samples were mixed in class A borosilicate glass vials 
(part #03-339-25B) manufactured by Fisher Scientific with PTFE caps, (part # 73802)  
manufactured by Kimble Glass Inc. (Vineland, NJ), that had been previously rinsed with 
methanol.   
 All samples for the (ESD) experiments performed on the three different polymers PEG, 
MPEG, and PPG were prepared as previously mentioned for the different end group experiments.   
 
Chapter 4 
 
A matrix stock solution of recrystallized DHB was prepared at a concentration of 0.1M in 
THF.  The polymer sample stock solution was made at a concentration of 5mg/ml in THF.  
LiTFA was prepared at a concentration of 5mg/ml.  For the split-probe experiments two samples 
were then prepared: a polymer/matrix sample with a volume ratio of 1:5 polymer/matrix and a 
salt/matrix sample with a 1:5 cationization agent/matrix volume ratio.  For the conventional 
MALDI sample (where the cationization agent was added directly to the sample mixture) the 
volume ratios were 1:5:1 polymer/matrix/cationization agent.    
The ruthenium complexes were prepared as described in the sample preparation for 
chapter 7.  The DCTB matrix at a 0.1M concentration in acetone was mixed with ruthenium 
complexes in solution.  The CHCA matrix was prepared at a 0.10M concentration in methanol. 
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For electrospray deposition 50 µl of each sample mixture was injected into the separate 
needles of the dual electrospray deposition system as previously described.  The conventional 
MALDI sample was deposited using the conventional ESD method as previously described in 
this chapter.  
 
Chapter 5 
 
A matrix stock solution of DHB was prepared at a concentration of 0.1M in methanol.  
The matrix was then batch ion exchanged using the Dowex ion exchange resin three times in 
order to decrease the alkali ion contamination.  The PEG polymer sample stock solution was 
made at a concentration of 5mg/ml in methanol.  Enough LiOH was added to 5ml of methanol to 
make a saturated solution.  Two sample solutions were then prepared with a volume ratio of 1:7 
polymer/matrix and 1:7 cationization agent/matrix.  For the conventional MALDI sample (where 
the cationization agent was added directly to the sample mixture) the volume ratios were 1:7:1 
polymer/matrix/cationization agent.  
For the dry drop method, 2µl of sample was spotted onto the appropriate part of the 
stainless steel probe.  For the split probe experiments this was done by spotting each section of 
the probe separately and then reassembling the probe after drying.  
For electrospray deposition of the samples 50 µl of the sample mixture was injected into 
the needle of the ESD system previously as described within this chapter.  Each part of the probe 
was mounted separately when spraying to avoid contamination.  Once each side was sprayed, the 
two pieces were reassembled for analysis.   
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Chapter 6 
 
Matrix stock solutions of DHB, CHCA, dithranol, and DCTB were all prepared at a 
0.10M concentration in THF.  All samples were prepared in class A borosilicate glass vials that 
were rinsed with methanol to remove surface contamination.  All matrices were measured for 
alkali content prior to use for analysis.  All matrices were used as received except for DHB, 
which was previously recrystallized.  All PMMA solutions were prepared by dissolving 2-
4mg/ml of analyte in THF.  The salt solutions LiTFA, NaTFA, and KTFA were prepared by 
initially dissolving a 2-5mg in THF and then making a dilution of the stock solution to decrease 
the concentration of the salt below that of the analyte.  Samples were prepared by mixing the 
matrix and analyte at a fixed matrix-analyte-ratio of approximately 1500:1.  The final solutions 
are prepared by the small addition of salt solution to the individual mixtures of matrix and 
analyte.  Each of these individual solutions was electrosprayed using the ESD method.  Before a 
series of experiments was performed the plate was initially cleaned using methanol, DAHC, DI 
H2O and then finally THF to remove any residual alkali or other materials.  Between samples the 
plate was rinsed only with THF to remove the previous sample.   
 
Chapter 7 
 
The ruthenium complexes were synthesized by GorDan Reeves in Dr. Anthony 
Addison’s laboratory.  The purity of the complexes was previously determined through the use of 
C/H/N (elemental analysis) and X-ray crystallography and was found to be approximately 90%.  
The common contaminates are silver, chlorides, and solvent molecules.  Reeves previously 
performed structural determination through mass spectrometry utilizing a VG 70SE fast atom 
bombardment magnetic sector mass spectrometer and Varian 300Mhz nuclear magnetic 
resonance instrument.  The samples were analyzed as received.  The matrices DHB, CHCA, IAA, 
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and DCTB were prepared at a concentration of 0.1M; methanol was utilized for DHB and CHCA, 
while acetone was the solvent of choice for IAA and DCTB.   All analytes (ruthenium 
complexes) were dissolved at 1mg/ml concentration in acetone.  Matrix and analyte were mixed 
together in solution at a matrix-to-analyte (M/A) ratio of 1000:1 in an 0.75mL polypropylene 
micro-centrifuge tube obtained from Fisher Scientific, (Hanover Park, IL).  0.5 µl of sample 
mixture was then spotted using the dry drop method onto the MALDI probe.  
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CHAPTER 3: CALIBRATION AND ACCURATE MASS MEASUREMENT ON A 
MALDI TOFMS 
 
 
 
 
Introduction 
 
Techniques for calibration of a TOFMS using different analytes have been studied for 
many years.1, 2  Calibration of the MALDI TOFMS using a variety of samples and various data 
processing techniques has also been the subject of detailed investigations over the past decade.3,4,5  
The focus of this chapter will be on using MALDI as the ionization source for TOFMS analysis; 
therefore a full review of calibration using other ionization techniques will not be undertaken.  
Some of the first attempts at a good calibration involved the use of synthetic polymer   
standards.3, 4  As MALDI is widely used for the analysis of biological materials, biological 
standards have also been used for calibration.5  In fact, use of a biological mixture (usually of 
peptides) is the most common method for calibration. However, there are several drawbacks to 
the use of peptides as mass calibration standards. The standards are expensive, they need to be 
stored dry (at -80°C for longer periods of time), and depending on the amino acid composition of 
the peptides, their relative signal response may be significantly different. To get optimal results, 
clean or recrystallized matrices must be used in order to eliminate the loss of signal due to the 
presence of cationized analyte. 
Mass spectrometrists have long used synthetic polymer samples, such as polyethylene 
glycol, as molecular weight (MW) markers for calibrating a mass spectrometer.6, 7  As a good 
calibration should envelope the unknown sample, the polydispersity of the polymer samples 
allows for a range of masses to be calibrated with a single calibrant sample. Synthetic polymers 
are excellent calibrants for two main reasons: their low cost and the presence of a large number of 
peaks for calibration. 
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There are two different types of calibration: internal and external.  The internal 
calibration is performed when both the analyte of interest and the calibrant are present in the same 
sample mixture and are analyzed simultaneously.  The external calibration involves two separate 
samples, one being the calibrant and the other is the analyte of interest.  These two samples are 
measured independently.   
There have been significant attempts to improve the mass calibration of the TOFMS.  
Vera and coauthors used a three point method for the calibration.8  In this method they develop a 
third parameter that accounts for initial energies of the molecular ion.  The use of multiply 
charged ions, because they are ions created from similar species, and the third variable allows 
them to more accurately calibrate large molecule masses.  Hoejrup developed a computer 
program called PeakErazor, which aids in the calibration of proteins without the use of 
calibrants.9  This program works by removing any contaminant signal, which is determined from 
a table of known contaminants, and then does a calibration based on the mass defect of the 
analyte.  Wolski and coauthors also demonstrated a method for calibrating without calibrants.10    
In their method they use two different algorithms to improve the calibration.  The first is a 
modified Minimum Spanning Tree (MST) algorithm and the second is a two dimensional Thin 
Plate Spline (TPS) smoothing algorithm.  The MST method uses information from each of the 
individual spots that are taken from a two-dimensional gel electrophoresis.  This information is 
transformed into a multiple peak, which is utilized to align the data obtained from the MALDI 
analysis.  The TPS method relies on collecting hundreds of mass spectra in parallel on one sample 
support.  Their findings were that both methods worked, but did not greatly improve the 
calibration compared to other more conventional techniques.  Hack and Benner utilize a different 
algorithm in order to correct for the time of flight of the ions to improve the mass accuracy of the 
data obtained.11  They use a quadratic equation correction that they develop from the use of 
internal calibration.  In this method they use a minimum of four calibrant peaks.  They plot the 
relative errors that are measured for each of the calibrant peaks and then fit a quadratic curve 
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through the data.  The equation that is obtained from this curve is then used to increase the mass 
accuracy over a conventional calibration.   
There have also been instrumental modifications to improve the mass accuracy.  Vorm 
and Roepstorff modified a microchannel plate detector to allow for detector gating in which they 
would be able to reduce the signal of the matrix ions to measurable levels without using a low 
mass ion deflection system, which should eliminate low mass ions.12  This modification allowed 
for the use of matrix ions in the calibration and demonstrated an improved calibration of the data.  
They also observed that when changing from a digitization rate of 400MHz to 1GHz, the mass 
accuracy was improved because of the ability to measure more data points across a single mass 
peak.  Li et al. utilized a functional wave extraction pulse, rather than a square wave, for time-lag 
focusing and observed an increased mass accuracy over a wide range calibration.13   
There are also a number of methods that involve different steps for sample analysis or the 
use of different internal standards.  Allmaier and coauthors demonstrated improved mass 
accuracy can be achieved on large proteins in the 40-60kDa mass range through the use of 
continuous extraction and carefully selected internal calibrants.14  Juhasz and coworkers used the 
measurement of initial ion velocities in order to correct for systematic errors that occur within the 
internal calibration.15  Gobom and coworkers utilized a polymeric material in order to perform a 
high order polynomial external calibration and then performed a second internal calibration step 
on a standard peptide mixture.  Through the use of this two-step calibration, they are not only 
able to improve the calibration, but are able to account for differences due to the sample spot 
locations on the sample plate.16  Reilly and coauthors reported that the use of matrix clusters and 
trypsin autolysis peaks are suitable for internal calibration of a protein digest.17  The occurrence 
and use of these non-analyte peaks allows for internal calibration without the addition of a 
different analyte or calibrant.   Egelhoffer et al. developed the method of recalibration in order to 
improve peptide mapping.18  This method involved the selection of all the oligomer peaks of a 
PPG analyte ranging from mass 700-4000 Da.  In order to correct for the error across this mass 
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range a 15th-order polynomial was fit to the relative error plot obtained from standard calibration.  
This 15-order function is then applied to a peptide mixture and improved mass accuracy is 
demonstrated.  Wool and Smilansky explored the improvement of protein mass fingerprinting 
with the use of a precalibration technique that allows for the proper calibration of all peptide 
candidates at once, rather than individually.19  This precalibration technique was shown to be an 
improvement over the recalibration because it allowed for the recovery of the protein signal that 
may be lost through peak extraction.   
Although MALDI is not the mass spectrometric method of choice for accurate mass 
measurements, obtaining a relative error of less than 5 ppm is possible and has been 
demonstrated.  The importance of accurate mass measurements was first discussed by Beynon in 
1954.20  He demonstrated that owing to the fact that each element has a specific mass defect, that 
with enough resolving power masses can be measured to the fourth decimal place and the 
elemental composition can be more easily determined.  Bristow has recently written a tutorial 
review that covers a variety of instrumentation and discusses the importance of accurate mass 
measurements.21  Johnson and coworkers developed an automated sample preparation method for 
MALDI TOFMS in which they were able to obtain less then 10 ppm relative error for all 
measurements.22  Moskovets and Karger developed a four term calibration equation that allowed 
for the mass accuracy to be below 5ppm.23  This new equation accounts for the rise time in the 
delayed extraction pulse.  Karger and coworkers also investigated a method of improving the 
mass accuracy across a sample plate to below 5ppm with the use of external calibration.24  This 
improvement was achieved through a continuous deposition of both the analyte mixture and the 
calibration mixture side by side with approximately 100µm spacing between them.  Wyatt and 
coauthors have demonstrated that the ability to obtain accurate mass measurements on radical ion 
species is possible.25  They evaluated calibration with both even and odd electron systems and 
noticed that it did not matter whether the ion species of the calibrant and the analyte were the 
same.  Kuster and coauthors demonstrated a simple two step method for the correction of the 
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flight times by first relating the TOF to m/z, using a first-order equation and then obtaining the 
relative mass errors for the different peaks.26  This relative mass error was then fit with a 
polynomial using the analysis tools of Microsoft Excel.  This higher-order polynomial was fit to 
the data, and the ability to obtain results below the 5 ppm relative error level was demonstrated. 
This chapter focuses on the use of a two polymer system in order to calibrate the 
TOFMS.  The two-polymer system uses one polymer as the calibrant and a second polymer as a 
check standard.  As the biological calibrants (i.e., peptides) are commonly observed as a single 
peak in the mass spectrum, any miscalibration will be quickly apparent.  However, with a 
synthetic polymer calibrant there could be a miscalibration (due to misassignment of the oligomer 
identity), but the masses of the different peaks will still make sense.  Proper calibration of a 
synthetic polymer is important for accurate determination of the real Mw and Mn values, as well 
as accurate determination of the end group.  The work presented here is a further development 
and demonstration of the use of synthetic polymer standards as mass calibrants for a MALDI 
TOFMS system.   
The calibration methods described here will cover the 800-6000 Da molecular weight 
range.  One focus of this work is to demonstrate some of the common errors and their resultant 
effects that can be observed when calibrating.  Three different polymers, polyethylene glycol 
(PEG), monomethyl polyethylene glycol (MPEG), and polypropylene glycol (PPG), are utilized 
as both calibrants and check standards.  The effect of using both different functionality polymers 
and different end group polymers is investigated.  The shape of the relative error versus oligomer 
offset is shown to enable a better understanding of the effect of mass range on the calibration 
problem.  The time-of-flight calibration equation for a Bruker Reflex III instrument is evaluated 
and shown to be a useful tool for the determination of a proper calibration.  This chapter will 
demonstrate the ability to improve and ensure the proper mass accuracy, as well as demonstrate 
the ability to obtain accurate mass measurements utilizing a MALDI TOFMS.   
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Methodology for calibration 
 
All spectra were calibrated using the Bruker XTOF version 4.1 software.  A set of 
oligomers for a specific polymer calibrant were chosen so they covered a majority of the 
distribution and so that they were close in mass to the oligomers chosen for the other polymer 
under study.  The expected mass values are loaded into a reference table and the XTOF program 
automatically selects the peak that is closest to this expected value based on the current 
calibration parameters that are stored in the software.  Occasionally the software does not find the 
correct peak of interest and a manual selection of the peak must be performed.  There is no 
difference in the result when the same peaks are chosen automatically as compared to use of the 
manual method.  The peak picking parameters are set to centroid 80% of the peak height.  Once 
the peaks are chosen for the calibrant, the mass spectrum is calibrated by the software.  This data 
table displays the expected mass, the measured mass, and the delta mass.  The delta mass is 
defined as the difference between the expected and the measured mass (i.e., it is the absolute 
error).  By choosing a linear fit for the calibration, both a slope and an intercept value are 
calculated.  The equation that is used for the Bruker software is 
2m at b
z
⎛ ⎞ = +⎜ ⎟⎝ ⎠      (3.1) 
In equation 3.1, m corresponds to the mass, z is the charge of the ions, and a and b are 
constants that are calculated based on the measurement of flight times for at least two ions for 
which the m/z is known.  The intercept, b, is an offset that is usually based on the triggering of 
the detection system.  These two values are represented as ML1, which is the slope corresponding 
to the a variable, and ML2, which is the intercept corresponding to the b variable.  These values 
are recorded and used to calibrate the check standard mass spectra.  The delta mass values for the 
check standards are similarly obtained from the XTOF calibration routine.   
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 Once the data are collected, Microsoft Excel is utilized in order to calculate the relative 
error from the delta mass values provided.  This is achieved by taking the delta mass of the 
oligomer and dividing t by the expected mass value.  This number is then multiplied by 1 million 
to obtain the relative error in units of ppm.  For comparison of the relative errors, a root mean 
square (RMS) value is obtained by summing the squared values of the relative error obtained for 
each oligomer and then dividing by the total number of oligomers measured; the square root of 
the value obtained is then calculated.   
 
Results and Discussion 
 
Two different sets of polymers were used to study the calibration procedure.  The first set 
of polymers was PEG and PPG, which contain different repeat units but identical end groups.  
The second calibration set was composed of PEG and MPEG, which contained identical repeat 
units but different end groups.  The commercial availability of polymer samples with the desired 
MWs limited the analysis with PPG to a maximum of 4000 Da, while the analysis with the 
MPEG sample was performed up to 6000 Da. 
 
Use of absolute and relative error to determine calibration  
 
Two samples with different repeat units were analyzed in order to study how different 
oligomer spacing will affect the results obtained when using one as a calibrant and the other as a 
check standard.  PEG 1000, PEG 2000, and PEG 4000 were used as calibrant standards using 
PPG 1000, PPG 2000, and PPG 3500, respectively, as check standards.  Table 3-1 displays the 
expected masses and identity of the PEG and PPG oligomers used in this study.  As given in 
table 3-1, the symbol N represents the number of monomer units in the oligomer under study.  A 
typical mass spectrum of the PEG 1000 sample showing a series of peaks spaced by 44 Da is 
shown in figure 3-1.  While this sample was prepared using recrystallized matrix and the addition 
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of a stoichiometric amount of NaTFA as the cationization reagent, an expanded view shown in 
figure 3-2 also shows the presence of potassium cationized peaks. These may be due to residual 
contamination of the recrystallized matrix or the sample plate.  Since lithium is known not to be 
present as a contaminant in either the analyte or the matrix used, the presence of lithium 
cationized peaks are most likely due to residual lithium left over from previous analyses done on 
the sample plate.  Previously our group has found that the most abundant contaminant in 
commercial matrix samples is sodium, therefore the most intense peaks observed in the MALDI 
spectrum of these polymers are usually the sodium cationized oligomers.  In order to avoid 
confusion of the cation assignment, one species of cation can be added in order to increase the 
signal intensity of that particular ion; this was done using sodium as the alkali added with all of 
the subsequent data presented. 
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Table 3-1.  Expected masses (in Da) for the PEG calibrant standard and PPG check standard 
oligomer peaks. Note that N is the number of monomer units in the oligomer chosen for study. 
 
PEG 1000 Sample  PEG 2000 Sample  PEG 4000 Sample 
  Expected    Expected    Expected 
N Mass  N Mass  N Mass 
18 833.4722  31 1405.8130  60* 2683.5766 
20 921.5246  35 1581.9179  65* 2903.7076 
22 1009.5771  39 1758.0227  70* 3123.8387 
24 1097.6295  43 1934.1276  75* 3343.9698 
26 1185.6819  47 2110.2324  80* 3564.1009 
28 1273.7343   51* 2287.3406   85* 3784.2319 
        
        
PPG 1000 Sample  PPG 2000 Sample  PPG 3600 Sample 
 Expected   Expected   Expected 
N Mass  N Mass  N Mass 
14 853.5864  27 1608.1307  50* 2944.0969 
16 969.6702  30 1782.2563  55* 3234.3062 
18 1085.7539  33 1956.3819  60* 3524.5156 
20 1201.8376  36 2130.5075  65* 3814.7249 
22 1317.9214  39* 2305.6364  70* 4104.9342 
24 1434.0051   42* 2479.7620   75* 4395.1435 
 
* the C13 isotope peak of the oligomer isotope cluster is used for the mass calibration. 
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Figure 3-1. MALDI mass spectrum of PEG 1000. The highlighted peaks are those that were used 
to calculate the calibration data given in table 3-2. 
 
 
 
 
Figure 3-2. Expanded portion of the PEG 1000 spectrum in figure 3-1 demonstrating the 
presence of other alkali cationized species.   
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The mass accuracy specification for the Bruker Reflex III is listed as less than 50 ppm 
relative error for internal calibration and less than 100 ppm relative error for external calibration.  
When the instrument is properly calibrated, the relative error for external calibration of PPG is 
found to be below the 100ppm specifications of the instrument as shown in table 3-2.  The 
correct assignment of the identity of a particular oligomer can be accomplished in a number of 
ways.  If the mass spectrometer being used is not yet calibrated, then one peak is chosen as the 
starting peak and is assigned a mass value based on prior knowledge of the analyte.  The other 
oligomers are then assigned by reference to this initial peak.  If a prior calibration is available, 
then the value closest to the expected value may be chosen for each of the different oligomers and 
the data can be recalibrated.  The internal or direct calibration of the PEG sample as shown in 
table 3-2 demonstrates that when the oligomer identity is chosen correctly, a relative error of less 
than 30ppm is obtained for all peaks in the calibration.   
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Table 3-2. Measured mass and mass error when correctly assigning the identity of oligomers in 
the calibration list.  The delta mass values are the absolute error obtained by calculating the 
difference in the measured compared to the expected mass.   
 
PEG Measured    PPG Measured   
N Mass Delta mass ppm  N Mass Delta mass ppm
18 833.4951 0.0229 27.4  14 853.5400 -0.0464 -54.4
20 921.5227 -0.0019 -2.1  16 969.6004 -0.0698 -72.0
22 1009.5520 -0.0252 -24.9  18 1085.6718 -0.0821 -75.6
24 1097.6060 -0.0236 -21.5  20 1201.7469 -0.0907 -75.4
26 1185.6780 -0.0040 -3.3  22 1317.8186 -0.1028 -78.0
28 1273.7660 0.0317 24.9  24 1433.9258 -0.0793 -55.3
  RMS 0.0213 20.3    RMS 0.0805 69.2
         
35 1581.9067 -0.0112 -7.1  27 1608.1485 0.0178 11.1
39 1758.0487 0.0260 14.8  30 1782.2460 -0.0104 -5.8
43 1934.1218 -0.0058 -3.0  33 1956.3466 -0.0353 -18 
47 2110.2051 -0.0273 -12.9  36 2130.4594 -0.0481 -23 
51 2287.3655 0.0249 10.9  39 2305.5792 -0.0572 -25 
55 2463.4389 -0.0066 -2.7  42 2479.6898 -0.0722 -29 
  RMS 0.0193 9.7    RMS 0.0381 20.2
         
60 2683.6110 0.0344 12.8      
65 2903.6748 -0.0328 -11.3  50 2944.2010 0.1041 35.4
70 3123.8320 -0.0068 -2.2  55 3234.3124 0.0062 1.92
75 3343.9515 -0.0183 -5.5  60 3524.3088 -0.2068 -59 
80 3564.1025 0.0016 0.5  65 3814.5650 -0.1599 -42 
85 3784.2538 0.0219 5.8  70 4104.7796 -0.1546 -38 
  RMS 0.0228 7.7    RMS 0.1436 39.7
 
 
 
 The data in table 3-2 represent the ideal case of choosing the correct oligomers and 
cation when assigning mass values for calibration.  The problem with use of a polymer material 
as the calibration standard is that there are multiple peaks due to the different oligomers present, 
and the spacing of the oligomers for a homopolymer is going to be the same between each 
oligomer.  When attempting the initial calibration of an uncalibrated system, the chance of 
choosing the wrong starting oligomer is possible.  Similarly, use of a calibration file that was 
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obtained from a set of data collected under different instrument operating conditions will result in 
incorrect peak assignments because the actual flight times of the ions will be different.  In order 
to understand the effect of misassignment of the calibrant oligomers, the oligomers will be 
intentionally misassigned as shown in Figure 3-3.  Here a mass peak in the spectrum is chosen 
that is higher or lower than the correct oligomer and assigned the exact mass of the incorrect 
peak.  The effect of this misassignment is an overall shift in the mass distribution.   
 
 
 
 
 
Figure 3-3.  The highlighted peaks marked with a dotted border represent the n+1 oligomer shift 
peaks, which were intentionally chosen to create a miscalibration of the data.  The other 
highlighted peaks represent the correct oligomers that were previously chosen for calibration. 
 
 
 
 The spectrum shown in figure 3-3 represents only one type of shift in the assignment of 
the oligomer masses.  Three different oligomer shifts in the PEG series were investigated in the 
data shown in table 3-3.  Note that as the mass of the PEG series under study increases (from 
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PEG 1000 to PEG 2000 to PEG 4000) the error of the n+1 oligomer shift becomes lower than 
50ppm.  Since the specifications of the Reflex III instrument being internally calibrated is 50ppm, 
then the relative error in n+1 oligomer shift is no longer suspected by its value alone.  However, a 
larger miscalibration, such as the n+3 shift, shows the error is still larger than 100ppm for the 
PEG 4000 sample.  Comparison of the absolute errors will show a significant difference when 
comparing the values from table 3-2, where the delta values vary in the hundredths place, while 
the delta values shown in table 3-3 vary in the tenths place.  The direct measurement of the mass 
error for the peaks that are calibrated upon proves to be a beneficial way of doing an evaluation of 
the internal calibration of a single polymer.  In the low mass cases if the error is better than the 
specifications of the instrument, the calibration will be correct.  However, when the mass 
increases, the study of more than one oligomer shift is necessary as the direct mass error of a 
single oligomer shift will be seen as acceptable according to the instrument specifications.     
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Use of a check standard with a different repeat unit  
 
In the section above, the magnitude of the absolute and relative errors was compared to 
the instrument specifications as a means of evaluating the correct selection of the oligomer 
identities. Another method of evaluation involves using a check standard, which in this case is the 
PPG sample.  Interestingly, the data in table 3-2 show that when the correct PEG calibration is 
applied to the PPG spectrum, while within the specifications of the instrument, the RMS relative 
error is found to be 2-4 times larger than that of the PEG calibrant (this will be addressed further 
below).  Note that the mass of the repeat unit for PPG is 58 Da unlike the PEG’s repeat unit mass 
of 44 Da.  It is expected that the oligomer shift will affect the PPG more obviously than the PEG.  
The values of the delta mass of the PPG peaks shown in tables 3-4 and table 3-5 clearly indicate 
a miscalibration of the data.  These values demonstrate that if the mass of the correct PPG 
oligomer is chosen for comparison, then the mass measurement will be off by the number of 
oligomers that the PEG calibration was shifted.  However, this case will only occur if the actual 
identity of the PPG oligomers is known.  When using the check standard the exact identity of the 
oligomer will not be known prior to calibration, therefore the closest oligomer mass will likely be 
compared.  The results in table 3-4 compared to the n-1 oligomer of PPG show a mass difference 
of about +14 Da.  Table 3-5 demonstrates a similar result, only this time it is comparing the n+1 
oligomer of PPG, which yields a mass difference of approximately -14 Da.  Note clearly the sign 
difference that is observed when the oligomer peak of PPG that is closest to the expected value is 
chosen.  This difference in sign is directly related to the direction that the original PEG 
calibration is shifted.  As seen in table 3-4 when the PEG calibration is shifted one oligomer 
higher, then the delta mass for the PPG n-1 oligomer is positive as well.  Table 3-5 shows the 
opposite case , that when the PEG calibration is shifted one oligomer lower, the sign of the delta 
mass for the PPG n+1 oligomer is now negative.  It should also be noted that the signs of the delta 
mass value are all in one direction.  Further investigation into why this may occur is discussed 
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later within this chapter.  The results of this section show that this method can give a clear 
indication of which way the calibration is shifted and can be useful when deciding how to correct 
the calibration. The use of the PPG check standard is very effective in immediately demonstrating 
a problem with the calibration.   
 
 
 
Table 3-4. Measured values for the n oligomer of the PPG series when calibrated with a n+1 
shifted PEG series and also shows the theoretical measurements of measuring the n-1 oligomer of 
the PPG. 
 
PPG Measured n PPG Expected n-1 
Monomer Mass Delta mass Monomer Mass Delta mass 
14 809.8831 -43.7033 13 795.5446 14.3385 
16 925.4919 -44.1783 15 911.6283 13.8636 
18 1041.4255 -44.3285 17 1027.7120 13.7134 
20 1157.6274 -44.2102 19 1143.7958 13.8316 
22 1274.0529 -43.8685 21 1259.8795 14.1734 
24 1390.7120 -43.2931 23 1375.9632 14.7488 
  RMS 43.9318     14.1160 
      
27 1564.4383 -43.6925 26 1550.0888 14.3494 
30 1738.1692 -44.0871 29 1724.2144 13.9548 
33 1912.1063 -44.2756 32 1898.3400 13.7663 
36 2086.2319 -44.2756 35 2072.4656 13.7663 
39 2261.5210 -44.1154 38 2246.5912 14.9298 
42 2435.9381 -43.8239 41 2420.7168 15.2213 
  RMS 44.0456     14.3425 
      
50 2900.0922 -44.0047 49 2885.0517 15.0404 
55 3190.1482 -44.1580 54 3175.2610 14.8872 
60 3480.2716 -44.2440 59 3465.4704 14.8013 
65 3770.8154 -43.9095 64 3755.6797 15.1357 
70 4061.4599 -43.4743 69 4045.8890 15.5709 
  RMS 43.9589     15.0895 
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Table 3-5. Measured values for the n oligomer of the PPG series when calibrated with a n-1 
shifted PEG series and also shows the theoretical measurements of measuring the n+1 oligomer 
of the PPG. 
 
PPG Measured n PPG Expected n+1 
Monomer Mass 
Delta 
mass Monomer Mass 
Delta 
mass 
14 897.5627 43.9763 15 911.6283 -14.0656 
16 1013.8557 44.1855 17 1027.7120 -13.8564 
18 1129.8590 44.1051 19 1143.7958 -13.9368 
20 1245.6126 43.7750 21 1259.8795 -14.2669 
22 1361.1451 43.2237 23 1375.9632 -14.8181 
24 1476.5237 42.5186 25 1492.0497 -15.5260 
  RMS 43.6347     14.4236 
      
27 1652.0801 43.9494 28 1666.1725 -14.0925 
30 1826.4565 44.2002 31 1840.2981 -13.8417 
33 2000.6378 44.2559 34 2014.4237 -13.7860 
36 2174.6589 44.1514 37 2188.5493 -13.8904 
39 2349.5336 43.8972 40 2363.6783 -14.1447 
42 2523.2654 43.5034 43 2537.8039 -14.5384 
  RMS 43.9936     14.0513 
      
50 2988.3390 44.2421 51 3002.1388 -13.7998 
55 3278.5290 44.2228 56 3292.3481 -13.8192 
60 3568.4275 43.9119 61 3582.5574 -14.1300 
65 3858.4305 43.7056 66 3872.7668 -14.3363 
70 4148.2541 43.3199 71 4162.9761 -14.7220 
  RMS 43.8818     14.1656 
 
 
 
Different end groups 
 
The analysis of two polymers with the same oligomer spacing but different end groups 
was performed in order to investigate the success of that calibration as compared to the analysis 
of the polymer set that contained different oligomer spacing with the same end groups.  For this 
study the polymer calibrants were PEG 2000, PEG 4600, PEG 6000, and MPEG 2000, MPEG 
4600, and MPEG 5500 were used as check standards, respectively.  The expected mass and 
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identity of each of the oligomers measured for both the PEG and MPEG samples are shown in 
table 3-6.  The goal was to choose polymer distributions that would be as close to overlapping as 
possible.  This unfortunately becomes difficult as the mass increases because of the commercial 
availability of polymer samples of the desired MW. 
The first set of data focuses on the PEG 2000 and MPEG 2000 samples.  In the 2kDa 
range, there is sufficient resolution to be able to utilize monoisotopic masses for calibration.  
Some of the higher mass oligomers are calibrated on the peak that contains one carbon 13 in the 
chain because the probability of a carbon 13 being so high.  Figure 3-4 shows the N= 47 
oligomer of PEG, which has an almost equal intensity of both the monoisotopic (all carbon 12 
contatining) peak and the peak containing a single carbon 13.  Figure 3-5 shows that at a slightly 
higher mass the n= 51 peak of PEG has a more intense carbon 13 containing peak then the carbon 
12.  The choice of the carbon 13 containing peak allows for a better centroiding of the peak.  As 
shown in table 3-7, when the correct oligomer identities were chosen, the RMS relative error of 
the PEG oligomers is 11ppm.  Three tests were performed to illustrate the effect of 
miscalibration; shifting the oligomer off by one in the high and low direction and then choosing 
the oligomer distribution that is now 3 oligomers off in the high direction.  Table 3-7 displays the 
error found when each of the different cases occurred.  It can easily be seen from the RMS 
relative errors of the calibrant itself that the error exceeds the instrument specifications when the 
calibration is only off by one PEG oligomer.  Table 3-8 shows the results that are obtained when 
calibrating with the PEG 2000 sample and then applying this calibration to the MPEG 2000 
sample.  As found earlier with the PPG check standard, the RMS relative error for the MPEG 
oligomers is higher than that of the PEG calibrant peaks; however, the RMS relative error of the 
MPEG peaks is clearly much higher when an incorrect PEG calibration is applied.   
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Table 3-6.  Expected masses for the calibration peaks for PEG samples and check standard peaks 
for MPEG samples. 
 
PEG 2000 Sample  PEG 4600 Sample  PEG 6000 Sample 
  Expected    Expected    Expected 
N Mass  N Mass **  N Mass ** 
31 1405.8130  85 3785.4794  123 5459.4797 
35 1581.9179  89 3961.6900  127 5635.6903 
39 1758.0227  93 4137.9006  131 5811.9009 
43 1934.1276  97 4314.1111  135 5988.1114 
47 2110.2324  101 4490.3217  139 6164.3220 
51 2287.3406*  105 4666.5322  143 6340.5325 
55 2463.4455*  109 4842.7428  147 6516.7431 
      113 5018.9533       
        
MPEG 2000 Sample  MPEG 4600 Sample  MPEG 5500 Sample 
 Expected   Expected   Expected 
N Mass  N Mass **  N Mass ** 
31 1419.8286  85 3799.5061  123 5473.5064 
35 1595.9335  89 3975.7166  127 5649.7169 
39 1772.0384  93 4151.9272  131 5825.9275 
43 1948.1432  97 4328.1377  135 6002.1380 
47 2124.2481  101 4504.3483  139 6178.3486 
51 2300.3529  105 4680.5588  143 6354.5592 
55 2476.4578  109 4856.7694  147 6530.7697 
      113 5032.9800       
 
*C13 isotope peak of the oligomer 
** the expected mass is the average mass value of the oligomer isotope cluster 
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Figure 3-4.  Displayed is the N= 47 oligomer of PEG, showing the relative intensity of both the 
all carbon 12 peak and the peak containing a single carbon 13.  The intensity of the two peaks is 
close to equal. 
 
 
 
 
Figure 3-5. Displayed is the N= 51 oligomer of PEG, showing the relative intensity of both the 
all carbon 12 peak and the peak containing a single carbon 13.  The intensity of the carbon 13 is 
greater than the all carbon 12. 
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Table 3-7. Error in the calibration on when choosing the correct and incorrect oligomers of PEG. 
 
PEG 2000 Correct Calibration N+1 Oligomer Shift N-1 Oligomer Shift N+3 Oligomer Shift
N realtive error (ppm) realtive error (ppm) realtive error (ppm) Relative error (ppm)
31 12.0 315.6 -329.8 882.9 
35 0.6 -43.7 52.7 -124.5 
39 -1.9 -186.2 195 -530.9 
43 -6.9 -197.0 200.0 -551.2 
47 -18.5 -117.4 115.24 -305.6 
51 -2.5 29.7 -32.9 87.8 
55 17.8 208.5 -209.9 568.4 
RMS Error 11.1 182.5 188.2 507.8 
 
 
 
Table 3-8. Error for the MPEG samples when correctly calibrated and also error from oligomer 
shifts in the PEG calibration. 
 
MPEG 2000 Correct Calibration N+1 Oligo. Shift N-1 Oligo. Shift N+3 Oligo. Shift
N ppm ppm ppm ppm 
31 -25 229.6 -323.7 725.4 
35 -35.5 -90.3 27.3 -209.7 
39 -32.3 -221.2 168.5 -571.2 
43 -40.0 287.1 685.1 -572.1 
47 -34.9 -130.4 76.8 -308.3 
51 -40.4 6.5 -57.2 115.9 
55 -44.7 ND -230.7 ND 
RMS Error 36.6 186.8 308.4 436.2 
*ND= Not detectable    
 
 
 
When evaluating the MW oligomer distributions that are above 4000 Da the pattern of 
error is not as easily noticeable as with the oligomers measured below 4000 Da.  There is 
difficulty in obtaining good monoisotopic resolution in the higher mass ranges so the average 
masses were used for the calibration of the oligomers.  Table 3-9 demonstrates the error that is 
obtained using the same oligomer shifts as were applied to the PEG 2000 sample.  Note that the 
RMS relative error for MPEG in the correct case is much higher than that of the PEG sample.  
There is no definitive trend apparent that will distinguish a good calibration from a poor 
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calibration as with the sample that has good resolution.  This lack of a trend may be due to the use 
of average masses instead of monoistopic masses, because the performance of the instrument 
provides only low resolution data for analytes above 4000 Da.  Since the masses used to calibrate 
are not as accurate there may be less ability to distinguish the error in calibration as easily as with 
the isotopic resolution data.   
 
 
 
Table 3-9.  Error occurring when calibrating with average mass values for PEG calibrant and 
MPEG check standard 
 
 Correct Calibration N+1 Oligo. Shift N-1 Oligo. Shift N+3 High Oligo. Shift
Polymer RMS Relative Error (PPM) 
PEG 4600 23 18.6 32.2 58.8 
MPEG 4600 89.5 73.1 89.1 122.2 
PEG 6000 11.8 36.7 16.1 25 
MPEG 5500 103.3 108.5 105.1 108 
 
 
 
Since the results obtained for the higher molecular weight data were problematic, 
additional testing was performed.  If us e of the average masses does not allow for the immediate 
recognition of error in the calibration, then increasing the oligomer shift may possibly 
demonstrate the effects seen with the lower mass data.  In order to investigate this effect, larger 
oligomer shifts need to be applied and studied.  It is also noticeable that the error for all of the 
MPEG 5500 data is above the 100 ppm relative error for external calibration.  
 
Expansion to a higher number of oligomer shifts 
 
 
As seen in the section above, the problem with calibrating larger MW polymers is that the 
errors will not show a definitive trend as quickly.  In order to understand this, a new series of 
experiments was performed.  In these experiments the samples were externally calibrated but 
placed on the exact same spots on the sample target in order to account for any changes in plate 
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height.  As seen by other groups there are problems with variation in the height of the surfaces of 
sample plates.10, 24  Our group has performed experiments in order to see if the surface of the 
Bruker sample plates have any affect on the mass accuracy that can be obtained.27 It was found 
that some of the sample positions are statistically higher then others.  If these spots were chosen 
in the previous analyses, they may have affected the results that were obtained.  In order to 
correct for this in the next set of experiments, all samples were deposited on the same sample 
location.  First the calibrant was spotted and the data were collected; the sample plate was 
removed and cleaned, the check standard was spotted and the mass spectral data were collected.  
Our group has found that the variability of removing the plate and reinserting the plate is not 
significant.27  
Initially the PEG calibrants were deposited and data were collected, and then the MPEG 
samples were deposited on the same sample spots and data were collected.  The same tests that 
were previously applied to represent possible miscalibrations were performed with these new 
data.  Additional larger shifts in the oligomers were done in order to construct a graph of the 
error.  Table 3-10 shows the results obtained for the PEG 2000 and MPEG 2000 samples.  Again 
with isotopic mass resolution the ability to distinguish if the calibration is off is observed by 
comparison of the RMS relative error.  The resultant error when the correct calibration is applied 
compared to the result from the previous experiment suggests that there was not a significant 
difference in plate height when the original data were collected.  However, the MPEG sample 
interestingly still shows a higher error when calibrated using the PEG calibrant.   
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Table 3-10. New values obtained for the PEG calibrant and the MPEG sample.  Values were 
obtained when correctly calibrated to an offset of three oligomers. 
 
PEG 2000  Oligomer Shifts  
 Correct n+1  n-1  n+3  n-3  
N Realtive Error (PPM) 
31 3.9 307.1 -346.9 859 -1023.2 
35 -6.6 -42.6 50.8 -151 136 
39 12.1 -173.7 209.3 -575.9 611.3 
43 -0.7 -192.2 213.4 -625.9 645 
47 -8.7 -118.6 115.3 74.2 370 
51 -16.8 11.4 -26.5 -28.9 -93.5 
55 15.9 218 -225.7 472.8 -675.6 
RMS Error 10.8 179.3 199 494.8 592.5 
      
MPEG 2000  Oligomer Shifts  
 Correct n+1  n-1  n+3  n-3  
N Realtive Error (PPM) 
31 -62.3 221 -330.3 708.2 -958 
35 -43.9 -97.3 33 -244.1 152.4 
39 -26.8 -222.1 176.9 -73.1 593.5 
43 -30.8 291 175.7 -139.8 593.2 
47 -38.5 -140.4 76.2 -413.6 299.6 
51 -31.7 -2.5 -72.3 418.1 -159.3 
55 -20.4 ND 140 ND -745.4 
RMS Error 38.5 188 170.3 394.1 575.2 
*ND= Not detectable    
 
 
 
As in the previous experiment, the higher molecular weight polymer sets were also 
measured and calibrated.  Similar to the data described in previous sections, the problem with the 
higher molecular weight polymers is the loss of mass resolution.  Therefore, the average mass 
values were used when assigning the peaks for calibration.  The data in table 3-11 demonstrate 
the difference between initial experiments that were performed with external calibration on 
adjacent sample spots and then another set of experiments with external calibration with 
deposition of the samples on the same sample spot location.  Note that the error for the MPEG 
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check standard compared to the PEG calibrant decreases, which may be due to plate height 
differences which were corrected for in the second set of experiments.  The lack of change in the 
PEG error could be due to the fact that this sample was internally calibrated both times, therefore 
accounting for any change in sample spot location.  However the error is still significantly higher 
for the MPEG check standard compared to the PEG calibrant.   
 
 
 
Table 3-11.  Comparison of all the obtained errors for adjacent sample spot experiments and 
same sample spot experiments. 
 
Adjacent 
Sample Spot     
 Correct N+1 Oligomer Shift N-1 Oligomer Shift N+3 Oligomer Shift 
Polymer RMS Relative Error (PPM) 
PEG 2K 11.1 182.5 188.2 507.8 
MPEG 2K 36.6 186.8 308.4 436.2 
PEG 4600 23.0 18.6 32.2 58.8 
MPEG 4600 89.5 73.1 89.1 122.2 
PEG 6000 11.8 36.7 16.1 25.0 
MPEG 5500 103.3 108.5 105.1 108.0 
     
Same  
Sample Spot     
 Correct N+1 Oligomer Shift N-1 Oligomer Shift N+3 Oligomer Shift 
Polymer RMS Relative Error (PPM) 
PEG 2K 10.8 179.3 199.0 494.8 
MPEG 2K 38.5 188.0 170.3 394.1 
PEG 4600 8.6 18.3 26.4 59.7 
MPEG 4600 58.6 43.9 42.5 68.2 
PEG 6K 13.2 18.4 4.7 13.3 
MPEG 5500 50.7 41.8 61.8 62.9 
 
 
 
 
In experiments using the same sample spot the data analysis was expanded for the 4600 
and 6000 MW polymers.  The PEG 4600 and MPEG 4600 were adjusted for up to seven 
oligomers both on the positive and negative sides of the correct calibration value.  These 
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experiments were performed in order to observe changes in the relative error as the distance from 
the correct oligomer is greatly increased.  Table 3-12 shows the results obtained when expanding 
out to the five and seven oligomer shift from the correct calibration.  At these higher shifts in 
miscalibration the RMS relative error values start to become significantly different.  As seen in 
figure 3-6, the shape of the error for the PEG oligomers is a second order trend.  Further 
evaluation of these trends shows that the ability to tell whether the miscalibration is a negative or 
positive oligomer offset can be seen as well.  If the shape of the curves is concave up, the offset is 
positive, and if the shape of the curves is concave down then the offset is negative.  Looking at 
previous tables, such as table 3-7 or table 3-10, when the correct calibration is applied the error 
is more random, which is another indication of a good calibration.  Another method for 
confirming the correct calibration is fitting a second-order curve to the data and plotting the 
second-order coefficient versus the oligomer shifts.  Figure 3-7 shows the result of this plot, 
which demonstrates that the intercept will cross where there is no oligomer shift and the correct 
calibration is applied.   
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Table 3-12.  Data that were obtained in experiment two with higher shifts in choosing the 
incorrect oligomers for the PEG and MPEG 4600 sample. 
 
PEG 4600 Oligomer shift   
 n+3 n+5 n+7 n-3 n-5 n-7 
Monomer ppm error ppm error ppm error ppm error ppm error ppm error 
85 96.6 140.3 237.5 -30.2 -217.8 -285.2 
89 26.3 9.3 -20.6 -58 -2.7 69 
93 -82.1 -62.6 -86.2 23.4 114 78.4 
97 -54.1 -116.8 -147 55.2 152.3 151.2 
101 -60.2 -69.2 -124.5 59.6 76.7 142.1 
105 -21.7 -32 -47.7 12.3 61.5 78.7 
109 40.5 47.6 3.8 2.2 -40.6 -57.9 
113 55.5 84.7 186.7 -65 -145.1 -178.3 
RMS 59.7 81.1 131.6 44.5 120.4 148.6 
       
MPEG 4600 Oligomer shift   
 n+3 n+5 n+7 n-3 n-5 n-7 
Monomer ppm error ppm error ppm error ppm error ppm error ppm error 
85 101.4 173.3 225.4 -86.2 -113.9 -218.9 
89 27.6 50.2 60.8 1.3 13.3 20 
93 4.4 -27.7 -62.7 69.3 130.8 136.2 
97 -25.7 -54.4 -115.2 101.3 158.3 193.1 
101 -28.7 -29.2 -103.2 94.3 155.8 182 
105 -2 16.6 -48.4 67.6 81.7 105.6 
109 38.2 71.2 107.7 32.8 -19.6 -13 
113 152.2 174.3 289.5 -29.9 -138.9 -158.4 
RMS 68.2 95.4 150 68.9 115.1 147.3 
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Figure 3-6. The plot of the relative error for the different oligomers of PEG chosen for the N+5 
calibration of a PEG 4600 analyte demonstrating a second order trend to the data.  
 
 
 
 
 
Figure 3-7.  Plot of the 2nd order coefficients for the different oligomer shift data versus the 
oligomer shifts. 
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The same data analysis was then applied to the PEG 6000 and MPEG 5500 set, and the 
shift was expanded out to a 9 oligomer shift.  Table 3-13 shows that when the calibration is 
shifted by nine oligomers there is a noticeable amount of change in the error for the PEG sample, 
however, looking at the MPEG sample the change in error is much smaller and not as noticeable.  
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The RMS relative error versus the oligomer offset was graphed for each set of polymers 
to demonstrate the shape of the curve that is observed.  Figure 3-8 displays the graphs of the 
calibration effect in the 2000 Da region for both PEG and MPEG.  The observed shape of the 
curve of plotted data shows a second-order trend to the data.  As the calibration is shifted high or 
low, the error is observed to increase about the same amount.  Both the PEG 2000 and MPEG 
2000 data show a steep increase in error when only shifted by a few oligomers.  As shown in 
figure 3-9, the curves for the PEG 4600 and MPEG 4600 demonstrate that as the molecular 
weight increases there is a need to expand the oligomer shifts further away from the correct 
oligomer assignment in order to see the error increase.   The PEG 4600 and MPEG 4600 data 
have a slower rise in error than the previous data given in figure 3-10, but there is still a 
significant difference in the error as previously seen in table 3-12.  The third sets of polymers, 
PEG 6000 and MPEG 5500, analyzed are much more problematic in determination of the 
miscalibration.  The graphs shown in figure 3-10 clearly reflect the results seen in table 3-13, 
where it is still possible to see a slight rise in the error of the PEG sample.  This slight rise is 
significant enough to make the data increase above the 50ppm internal calibration instrument 
specification.  However, the MPEG results in figure 3-10 show no significant rise in the error and 
represent a flat line as the oligomer shift occurs.  The actual numbers obtained fall below the 
100ppm external calibration error specification of the instrument.  The lack of a high relative 
error adds to the difficulty of attempting to properly calibrate in this mass range because the 
relative error falls within acceptable limits according to the instrument manufacturer.  The results 
of using a polymer with the same oligomer repeat unit but different endgroups demonstrates that 
for lower molecular weight compounds it is easy to see the rise in error with only a small shift in 
the calibration, but as the mass of the distribution increases, the ability to distinguish the correct 
calibration becomes much more challenging. 
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Figure 3-8. Error curves for PEG 2000 and MPEG 2000 demonstrating the quick rise in the error 
as the calibration is shifted up to 3 oligomers. 
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Figure 3-9. PEG 4600 and MPEG 4600 demonstrating a slower rise in the error than the lower 
molecular weight polymer series. 
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Figure 3-10. Graph of the PEG 6000 RMS error versus oligomer shifts showing an extremely 
shallow curve, while the MPEG 5500 data represent almost a flat line. 
 
 
 
Use of the instrument calibration equation parameters 
 
This basic discussion of Time-of-flight (TOF) measurements makes the assumption that 
the time in all of the acceleration regions is negligible.  A more thorough explanation of the effect 
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of the acceleration regions is demonstrated in the literature28, 29 and will not be discussed here.  
Also the equations represented here are based on a linear TOF model only.   
TOF measurements are based on the time it takes an ion that is formed in the source to 
move through the instrument and reach the detector.  A series of mass standards are introduced 
and the flight times of the standards are then utilized to create a calibrated mass axis.  After the 
ions are formed in the source, they are accelerated by the application of a voltage to a constant 
kinetic energy.  The kinetic energy of the ion is shown by the following equation. 
21
2
KE mv=      (3.2) 
In equation 3.2, v = velocity in m/s, KE = kinetic energy, and m = mass of a single ion. 
In a linear TOFMS the ions will drift at constant velocity through the field free region 
until they reach the detector.  During the drift time the ions will be separated by their masses 
because they will have different velocities which are mass dependent as seen in the following 
equation: 
     
1
22v= KE
m
⎡ ⎤⎢ ⎥⎣ ⎦      (3.3)  
In a constant extraction experiment the actual flight times of the ions begin when the ions 
are formed and are accelerated in the drift region, and the end time is when the ion reaches the 
detector.  In the case of delayed extraction the actual start time of the ions is assumed to be when 
the voltage pulse is applied.  The ion flight times are based on the following equation where t 
represents the time and D is the distance the ions will travel. 
1
2
2
mDt
KE
⎡ ⎤= ⎢ ⎥⎣ ⎦      (3.4) 
As seen in equation 3.3 the ion velocities vary with the inverse square root of their mass, 
a relationship that demonstrates that the lighter ions will reach the detector before the heavier 
ions.  Equation 3.4 helps to obtain the actual flight times of the ions, but another equation, 
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equation 3.5, is usually used in order to be able to convert the data axis into a calibrated mass-to-
charge ratio (m/z). 
     
2
2
2m Ut
z D
=      (3.5) 
In Equation 3.5, m = mass, z = number of charges on an ion, U = accelerating voltage, t = 
flight time, and D = flight distance.  The most basic equation that is used to convert time-of-flight 
to m/z is shown below: 
2m at b
z
⎛ ⎞ = +⎜ ⎟⎝ ⎠      (3.6) 
In equation 3.6, a and b are constants that are calculated based on the measurement of 
flight times for at least two ions for which the m/z is known.  The intercept, b, is an offset that is 
related to the triggering of the detection system. 
The calculated calibration equation can be evaluated in order to ensure the proper 
calibration of samples has been performed.  Equation 3.6 is used by the Bruker XTOF software 
for calibration of the instrument.  In the Bruker terminology, the value ML1 corresponds to the 
slope of the calibration curve, while the value ML2 is the intercept of the calibration curve.  
Table 3-14 lists the calibration constants that are calculated for several of the calibration 
situations discussed in the sections above.  Note that ML2 varies significantly when the 
calibration peaks are misassigned. When the oligomer is shifted higher the ML2 value becomes 
more positive, while the opposite is true when the oligomer shift is lower.  ML2 values obtained 
for the correct calibration all cluster around the value of 400.  It should be noted that this value is 
directly related to the delayed extraction pulse time.  The data acquisition system of the Reflex III 
instrument is triggered by a photodiode that senses the laser pulse. The zero point of flight time 
for the ions in the source, however, is when the delayed extraction (pulsed ion extraction or PIE) 
pulse is applied. The significance of the ML2 value of 400 was confirmed by rerunning the data 
with either short or long PIE delay (which will correspond to a 200 ns and   600 ns delayed 
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extraction pulse, respectively).  Table 3-15 shows the different calibration values when 
calibrating with a PEG 1500 analyte with the three different delays under the same voltage 
conditions.   The advantage of using the calculated calibration constants to evaluate if the analyte 
is properly calibrated is that it is much quicker and easier than looking at the errors as described 
in the sections above.  With the failure to distinguish between the correct and incorrect values for 
the PEG/MPEG 4600 and PEG/MPEG 6000 samples this has proven to be very important.   
 
 
 
Table 3-14.  Calculated values of the calibration constants ML1 and ML2 obtained when 
attempting different calibration shifts. 
 
 ML1 ML2  
PEG 2000 579080.3 402.3573 Correct Calibration 
 592725.2 1730.838 N+1 Oligomer shift 
 565459.1 -957.234 N-1 Oligomer shift 
 619969 4296.471 N+3 Oligomer shift 
        
PEG 4600 575559.7 396.1787 Correct Calibration 
  581651.8 1292.858 N+1 Oligomer shift 
  569995.4 -469.656 N-1 Oligomer shift 
  593236.6 3014.104 N+3 Oligomer shift 
        
PEG 6000 585719.8 410.4359 Correct Calibration 
  589964.8 1145.579 N+1 Oligomer shift 
  581398.7 -337.634 N-1 Oligomer shift 
  598498.7 2606.03 N+3 Oligomer shift 
 
 
 
 
Table 3-15.  Shown are the calibration constant values obtained from a PEG 1500 calibration 
when varying the delay time between the three possible settings that demonstrate the effect of 
delay time on ML2.   
 
 ML1 ML2 
Short 578414.7 232.0479
Medium 578286.4 396.7488
Long 577933.8 695.5332
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Investigation of analyte location 
 
When evaluating the data previously seen in table 3-4 and table 3-5, it was noted that 
when performing external calibration with the PEG analyte and good resolution, the delta mass 
values for the check standard were all negative.  The initial hypothesis was that there is a 
stratification of the analyte when the sample is deposited using the dry drop method.  The 
reasoning for this would be a non-ideal matching of the matrix and analyte causing the analyte to 
not be incorporated within the matrix crystals and to be found either above or below the matrix 
crystal surface.  In order to investigate this hypothesis an external calibration was done using the 
electrospray deposition method (described in detail in chapter 4).  If there was a stratification 
effect, this method of deposition should correct for this, and it was expected to improve the 
calibration.   
 Three samples, PEG 2000, MPEG 2000, and PPG 2000, were separately electrospray 
deposited and a mass spectrum was collected for each.  Each sample was sprayed within the same 
sample region of the sample plate and, to avoid plate height effects, the data were collected from 
the same sample spot number.  Table 3-16 shows the results that were obtained when calibrating 
with a PEG 2000 calibrant and then using this calibration to analyze both the MPEG 2000 and 
PPG 2000 check standards.  The data obtained show the same trend observed earlier that the 
relative error for each of the individual oligomers of the check standards is negative.  Also, the 
RMS relative error for the MPEG is significantly different than that of the PPG, with the MPEG 
being 45.5 ppm and the PPG being 85.9 ppm.   
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Table 3-16.  Displayed are the results when calibrating with a PEG 2000 analyte.  The relative 
error for both the PPG and the MPEG are negative in sign. 
 
PEG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9270 0.0091 5.8 
39 1758.0209 -0.0018 -1.0 
43 1934.1351 0.0075 3.9 
47 2110.2126 -0.0198 -9.4 
51 2287.3062 -0.0345 -15.1 
55 2463.4849 0.0394 16.0 
 RMS 0.0234 10.2 
MPEG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.7578 -0.0708 -49.9 
35 1595.8524 -0.0811 -50.8 
39 1771.9985 -0.0399 -22.5 
43 1948.0393 -0.1039 -53.3 
47 2124.1377 -0.1104 -52.0 
51 2300.2702 -0.0827 -36.0 
 RMS 0.0847 45.5 
PPG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
27 1608.0285 -0.1022 -63.5 
30 1782.0990 -0.1573 -88.3 
33 1956.2264 -0.1555 -79.5 
36 2130.2886 -0.2189 -102.8 
39 2305.4382 -0.1982 -86.0 
42 2479.5370 -0.2250 -90.7 
 RMS 0.1813 85.9 
 
 
 
 In order to understand if this was due simply to selection of the PEG analyte as the 
calibrant, the same spectra were recalibrated using the MPEG as a calibrant and both PEG and 
PPG as the check standards.  Table 3-17 displays the results of the new calibration.  A similar 
effect of the sign of the error is observed as with the PEG calibration.  Only this time the PPG is 
still negative, but the PEG error is all positive.  Note also that the RMS relative error for both 
PEG and PPG are approximately equal, but this is because the frame of reference point is now 
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shifted to the MPEG molecule.  The difference in the error between the PEG and the PPG is still 
approximately the same as was seen previously in table 3-16.   Although the original hypothesis 
of stratification of the analyte upon dry-drop sample preparation seems to be proven not to occur, 
interesting results were obtained.   
 
 
 
Table 3-17.  Displayed are the results when calibrating with a MPEG 2000 analyte.  The relative 
error for the PPG is negative while the error for the PEG is positive. 
 
PEG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9991 0.0812 51.3 
39 1758.0990 0.0763 43.4 
43 1934.2192 0.0916 47.4 
47 2110.3026 0.0702 33.3 
51 2287.4020 0.0614 26.8 
55 2463.5865 0.1410 57.2 
 RMS 0.0907 44.5 
MPEG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.8242 -0.0044 -3.1 
35 1595.9250 -0.0085 -5.3 
39 1772.0771 0.0387 21.9 
43 1948.1239 -0.0193 -9.9 
47 2124.2281 -0.0200 -9.4 
51 2300.3664 0.0135 5.9 
 RMS 0.0206 11.1 
PPG 2000     
N Measured Mass Delta Mass Relative Error(ppm) 
46 1608.1015 -0.0292 -18.2 
49 1782.1779 -0.0784 -44.0 
52 1956.3113 -0.0706 -36.1 
55 2130.3792 -0.1283 -60.2 
58 2305.5346 -0.1018 -44.1 
61 2479.6391 -0.1229 -49.6 
 RMS 0.0948 44.0 
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  An additional experiment was performed in which the samples of PEG and MPEG were 
mixed together in solution and then were both electrospray and dry drop deposited onto the 
sample plate in an internal calibration experiment.  Table 3-18 shows that when calibrating with 
an electrospray deposited sample and either PEG or MPEG as the calibrant the trend that was 
previously observed does not exist.  Similar results can be seen in table 3-19 where the dry drop 
method was utilized.  There was no significant difference between the electrosprayed and the dry 
drop deposited samples.  Note that there is a first order trend to the check standard results.  
Looking at both the PEG and MPEG data for when they are the check standards the relative error 
either increases negatively or positively as the mass increases.  Use of the internal calibration 
method did improve the calibration of the check standard significantly (as measured by the 
significant decrease in the RMS relative error), but opens the door to more questions.  Possible 
explanations and future experiments to help explain the trends that are observed in these data are 
discussed later in chapter 8.    
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Table 3-18. Results of an electrospray deposited mixture of PEG 2000 and MPEG 2000, where 
internal calibration is applied.  The asterisk (*) represents which polymer was used as the 
calibrant for the calibration. 
 
PEG 2000*       
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9066 -0.0113 -7.1 
39 1758.0219 -0.0008 -0.5 
43 1934.1454 0.0177 9.2 
47 2110.2413 0.0089 4.2 
51 2287.3396 -0.0011 -0.5 
55 2463.4321 -0.0134 -5.5 
 RMS 0.0108 5.5 
MPEG 2000       
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.7800 -0.0486 -34.3 
35 1595.9095 -0.0240 -15.0 
39 1772.0281 -0.0103 -5.8 
43 1948.1365 -0.0067 -3.4 
47 2124.2779 0.0298 14.0 
51 2300.3962 0.0433 18.8 
 RMS 0.0312 18.2 
    
PEG 2000       
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9378 0.0199 12.6 
39 1758.0362 0.0135 7.7 
43 1934.1418 0.0142 7.3 
47 2110.2190 -0.0134 -6.3 
51 2287.2978 -0.0428 -18.7 
55 2463.3703 -0.0752 -30.5 
 RMS 0.0375 16.3 
MPEG 2000*     
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.8258 -0.0028 -2.0 
35 1595.9394 0.0059 3.7 
39 1772.0410 0.0026 1.5 
43 1948.1315 -0.0117 -6.0 
47 2124.2541 0.0060 2.8 
51 2300.3530 0.0001 0.0 
 RMS 0.0061 3.3 
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Table 3-19. Results of a dry drop deposited mixture of PEG 2000 and MPEG 2000, where 
internal calibration is applied.  The asterisk (*) represents which polymer was used as the 
calibrant for the calibration. 
 
PEG 2000*       
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9154 -0.0025 -1.6 
39 1758.0160 -0.0067 -3.8 
43 1934.1296 0.0020 1.0 
47 2110.2426 0.0102 4.8 
51 2287.3610 0.0204 8.9 
55 2463.4221 -0.0234 -9.5 
 RMS 0.0137 5.9 
MPEG 2000       
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.7747 -0.0539 -38.0 
35 1595.9186 -0.0149 -9.3 
39 1772.0504 0.0120 6.8 
43 1948.1576 0.0144 7.4 
47 2124.2697 0.0216 10.2 
51 2300.4107 0.0578 25.1 
 RMS 0.0348 19.8 
PEG 2000       
N Measured Mass Delta Mass Relative Error(ppm) 
35 1581.9404 0.0225 14.2 
39 1758.0224 -0.0003 -0.2 
43 1934.1164 -0.0112 -5.8 
47 2110.2091 -0.0233 -11.1 
51 2287.3061 -0.0345 -15.1 
55 2463.3454 -0.1001 -40.6 
 RMS 0.0454 19.3 
MPEG 2000*     
N Measured Mass Delta Mass Relative Error(ppm) 
31 1419.8158 -0.0129 -9.1 
35 1595.9422 0.0086 5.4 
39 1772.0553 0.0169 9.5 
43 1948.1428 -0.0004 -0.2 
47 2124.2345 -0.0136 -6.4 
51 2300.3542 0.0013 0.6 
 RMS 0.0109 6.4 
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Accurate mass measurements on a MALDI TOFMS 
 
As mentioned in the introduction, the ability to obtain accurate mass measurements on 
compounds is possible through a process of correcting the times of flight for the ions.  The 
method used in our laboratory is different from the previous methods mentioned.22-26  Our process 
involves bracketing the mass of interest with at least two mass peaks on both the lower mass and 
higher mass side of the peak of interest.  This process is demonstrated using a sample of PPG 
1000 as the calibration standard and angiotensin II as the analyte in an external calibration.  Four 
oligomers were measured for the PPG 1000 sample and then the absolute errors were determined.  
Since the results, shown in figure 3-6, demonstrated that the distribution of the error was second 
order in nature, a second order regression analysis was performed with the absolute errors (delta 
mass) as the dependent and expected mass as the independent variable.  Table 3-20 shows the 
data obtained in the initial analysis of the PPG with a RMS relative error of 9.2ppm.  The data 
were then analyzed using Microsoft Excel.  A correction equation is then formed using these 
variables.   
( ) ( )( )21MM INT+ MM X MM X± + 2   (3.6) 
In equation 3.6 MM is the measured mass, INT is the intercept value, and X1 and X2 are 
respective variables obtained.  Equation 3.6 was applied to the PPG data and as seen in table 3-
21, the RMS error for the PPG oligomers is reduced to 5.1ppm.  The angiotensin II sample data, 
as seen in table 3-22, initially had a mass error of 10.0 ppm; after the correction is applied to the 
data the absolute error is reduced to 2.3 ppm, which is an acceptable error for accurate mass 
measurements when publishing structural information in journals.  Using this simple method 
provides the ability to use modern time-of-flight instrumentation to obtain accurate mass 
measurements on small molecular weight molecules.  
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Table 3-20. The initial mass measured values of the PPG series and the error in the calibration.   
 
PPG 1000 expected measured  Initial 
N mass mass delta mass relative error (ppm) 
16 969.6702 969.6610 -0.0092 -9.5 
17 1027.7120 1027.7277 0.0157 15.2 
18 1085.7539 1085.7514 -0.0025 -2.3 
19 1143.7958 1143.7919 -0.0039 -3.4 
  RMS 0.0094 9.2 
 
 
 
Table 3-21. Mass values of the PPG oligomers after using regression analysis to correct the flight 
times. 
 
PPG 1000 Adjusted  Final 
N mass delta mass relative error (ppm) 
16 969.6672 0.0030 3.1 
17 1027.7210 -0.0090 -8.7 
18 1085.7579 -0.0040 -3.7 
19 1143.7988 -0.0030 -2.6 
 RMS 0.0053 5.1 
 
 
 
Table 3-22. Mass Measurement of Angiotensin II before and after the flight time correction 
  Angiotensin II   
Expected 
Mass 
Measured 
Mass 
Delta 
Mass 
Initial Error 
(PPM) 
Adjusted 
Mass 
Delta 
Mass 
Final Error 
(PPM) 
1046.5423 1046.5528 0.0105 10.0 1046.5447 -0.0024 -2.3 
 
 
 
Conclusion 
 
Accurate calibration of a TOFMS instrument can be a very simple process or a more 
complex process depending upon the molecular weight range of the analysis.  Two polymers with 
different repeat units demonstrated the ability to quickly and easily determine if the calibration is 
correct.  The use of polymers with identical repeat units and different endgroups demonstrated 
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how the error increases as the shift of the oligomers away from the correct assignment occurs.  
Both processes of calibration provide excellent results for the lower masses, however, as the mass 
increases the ability to determine the error in the calibration decreases with both the availability 
of calibrants and the need for higher oligomer shifts in order to observe any error in the 
calibration.  It was also demonstrated that the change in the value for the intercept of the 
calibration equation can be used as another source for identifying the proper calibration.  The idea 
of sample stratification was investigated, and was proven to not occur on a significant scale (at 
least with this combination of solvent, matrix and analyte).  Using a statistical analysis of the 
delta mass values to calculate a correction for measured masses demonstrated a new method of 
accurate mass calibration that will enable users to obtain acceptable measurements for accurate 
mass using a MALDI TOFMS system. 
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CHAPTER 4: ELECTROSPRAY DEPOSITION AND DEVELOPMENT OF A DUAL 
SPRAY ELECTROSPRAY DEPOSITION SYSTEM 
 
 
 
 
 
Introduction 
 
Sample preparation for matrix assisted laser desorption/ionization (MALDI) time-of-
flight mass spectrometry (TOFMS) is a key step in obtaining accurate and precise results.  Many 
different methods for sample preparation have been developed since the first report of MALDI by 
Karas and Hillenkamp.1  The goal of the deposition process is to create a thin, homogenous layer 
of matrix, analyte, and any other required sample additives.  The homogenous surface allows for 
the intimate contact of all components of the sample mixture.   
The simplest method employed is the dry-drop method in which the analyte and the 
matrix are dissolved into solution; the components are mixed together either directly on the 
sample plate or in a vial and then deposited on the sample plate as a mixture.2  The sample is then 
left to dry under normal atmospheric conditions.  The problem with this method is that at room 
temperature, using slow evaporating solvents, such as water, a large amount of inhomogeneity is 
introduced in the sample spots.  In order to improve the homogeneity several different sample 
preparation methods that decrease the drying time have been utilized.  These methods include 
heating of the sample plate, blow drying the sample with dry nitrogen, vacuum drying of the 
droplet, and the use of highly volatile solvents.3  The purpose of decreasing the drying time is to 
promote the formation of impure crystals, in which the matrix actually traps the analyte and 
additives to create a solid solution mixture, as it does not have time for proper recrystallization.  
A contrasting technique is the use of refrigeration to dry the samples.4  In this technique the 
samples are deposited below room temperature; it is observed that there is a macroscopic 
homogeneity in the crystal growth of the matrices.  A variation of the dry drop method is the use 
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of multiple layers, such as the sandwich5, two-layer6, and three-layer7 methods.  For these 
methods to work the layers must be thin enough for the laser pulse to be able to penetrate the 
different layers and properly desorb all material at once.  The goal of the multilayer methods is to 
get different components that will not mix in the same or similar solvents to mix together in the 
gas phase after the laser pulse and to create a homogenous solid solution.  These methods rely on 
the belief that the different components of the mixture are completely immiscible in the different 
solvent being deposited.  This has been shown to be problematic, as some materials may still be 
slightly soluble in the different solvents chosen, causing a mixing of the different layers and 
leading to the same difficulties with inhomogeneity as the single-layer dry-drop experiment8.   
Some deposition techniques focus on making the sample spot size smaller, which is 
believed to eliminate the need to search for “sweet spots” (locations on the sample that produce a 
strong analyte signal) by concentrating the sample into a smaller surface area.  These techniques 
have been very beneficial at driving the detection limits of the MALDI technique to lower levels.  
Li and coworkers have developed a micro-spot MALDI sample delivery system in which they use 
a fused silica capillary that draws up the sample and then deposits a small volume onto a matrix 
coated sample plate.9, 10  A similar system was developed by Marko-Varga and coworkers that is 
capable of dispensing picoliter volumes of sample.11  Agnes and Bogan developed the “wall-less” 
sample preparation12.  In this method the droplet of analyte is prepared in an electrodynamic 
balance (EDB), in which the droplet is levitated and then allowed to preconcentrate (by solvent 
evaporation) before being ejected onto the sample plate surface.   
Other techniques for creating more homogenous samples have also been developed.  
These other methods employ a drying of the droplet (similar to the wall-less method described 
above) before the sample is deposited on the plate.  Two of the techniques use a nebulizing 
system to form very small droplets with high surface area, which allow for the rapid evaporation 
of the sample once it is deposited on the plate.  Wilkins and coworkers developed the aerospray 
technique13, while Browner and coworkers created the oscillating capillary nebulizer device 
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(OCN)14; both techniques produced more homogenous solid sample surfaces.  The OCN showed 
a definite improvement in the deposition of water solvated samples, which in the dry-drop case 
can be greatly problematic because of the low volatility of water.14   
Another technique utilizes the principals of electrospray15 and is known as electrospray 
deposition (ESD).  Our group, along with others have investigated and experimented with this 
technique over the past decade and have found this to be an excellent choice for the preparation 
of samples for quantitative MALDI studies.16, 17  Electrospray deposition produces homogenous 
surfaces by spraying fine droplets that are almost completely dry by the time they reach the 
sample surface.  Since the droplets are dry once they reach the surface, there is no time for 
recrystallization.  Evidence of this has been shown with both atomic force microscopy (AFM) 
and scanning electron microscopy (SEM).  When DHB matrix and polymer are electrospray 
deposited, flattened amorphous solid droplets are observed on the surface. There is no evidence of 
crystals that are observed when performing the standard dry-drop experiment 18  
Much effort has been spent on development of new deposition methods for various 
reasons, such as improving the limit of detection and obtaining good quantitative results.  Better 
reproducibility can help to investigate details and unravel some of the mysteries that still exist 
within the MALDI process.  One area of some debate is that of gas-phase versus solution-phase 
ionization or reactions.  Over the years, several groups have shown evidence of both 
possibilities.19-21  One group prepared samples using the layer deposition model22, which was later 
shown to be problematic because of the small (but non-zero) solubility of the analyte that was 
expected by the original workers to be insoluble.8  Our group has gone a step further to ensure 
complete segregation of the two mixtures being investigated in the gas phase with the 
development and study utilizing a split probe apparatus.23  The split probe experiments will be 
discussed in detail in chapter 5, which focuses on the study of gas phase reactions occurring in the 
MALDI plume.  The split probe study was successful in unequivocally demonstrating that gas 
phase ionization does occur in the MALDI experiment; however, there was a space of 
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approximately 10µm between the two mixtures.  As it has been shown using different sample 
deposition studies that the degree of intimacy of the sample mixture is important for obtaining 
reproducible results, there is a need for bringing the sample mixtures into a closer proximity to 
truly study the gas phase reactions in more detail.   
This chapter will describe a modification of the electrospray deposition technique that has 
been developed to allow the increased mixing of two sample mixtures outside of the solution 
phase.  This modification is a dual electrospray deposition apparatus, in which two needles spray 
simultaneous plumes that are deposited and mixed on the same sample plate.  This technique 
allows improvements in the investigation of gas phase reactions that occur in the MALDI plume 
as described in chapter 5. 
 
Results and Discussion 
 
The dual spray system was designed similarly to the conventional electrospray deposition 
system, which is displayed schematically in figure 4-1.  The initial goal was to be able to mix the 
sprays so that there would be no layer effects.  Initial attempts involved crossing the two needles 
in order to produce a single spot on the sample target.  The needles were connected with two 
different positive high voltage power supplies while the sample plate was held at ground 
potential.  The voltages applied were in the range of 6-7kV.  Mutual repulsion of the two sprays 
resulted in the formation of two separate spots as shown in figure 4-2.  After this initial test, the 
polarity of the electric field was reversed.  The sample plate that was normally held at ground 
now had a negative voltage applied to it and the two needles were held at ground.  In this case the 
voltage applied was between 9-10kV.  As before, the two spray plumes were observed to repel 
each other, forming two distinct sample spots on the sample plate surface.  The fact that 
electrospray produces positively charged droplets hindered the ability to mix the sprays from two 
separate needles.   
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Figure 4-1.  Schematic diagram of a conventional electrospray deposition apparatus with a single 
needle. 
 
 
 
 
 
Figure 4-2.  The 60x magnified result of an electrospray of two needles that were approximately 
2mm apart, producing two separate spots separated by approximately 6mm. 
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 In order to overcome the repulsion of the two plumes produced by the similarly charged 
but separate needles, the idea of mixing the samples by moving the sample stage was attempted.  
The goal was to create a sample stage that rotated quickly enough to be able to be coated evenly 
with both sprays simultaneously.  A photograph of the sample stage created is shown in figure 4-
3.  The system consists of a computer fan for the rotation of the sample plate, and an aluminum 
holder to keep the sample plate in place.  In order to keep the plate at ground potential, posts were 
mounted on the edges of the fan and thin wires were brought into contact (but not attached to) the 
sample plate holder.  This allowed for the free rotation of the sample plate, but kept the sample 
plate grounded.  Microscope pictures of a sample prepared using the dual spray device can be 
seen in figure 4-4.  Under the highest magnification possible there are no visible crystals 
observed, therefore this surface appears to be homogenous.  However, the ability to see the 
spacing of the different layers is not attainable and the actual thickness of the two sprays is also 
not determinable.   
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Figure 4-3.  Photograph of the sample holder apparatus utilized for the dual electrospray system 
in which the sample plate is placed in the middle of an aluminum holder mounted onto a 
computer fan (fan blades removed) that has been grounded with contact wires to allow free 
rotation of the sample plate. 
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Figure 4-4.  Images of a dual electrosprayed sample of DHB and PEG 2000 in one needle and 
DHB and LiTFA in a second needle taken at a)10X b)60X and c)200X magnification. 
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Previous work with ESD has shown that the center of an individual spray is the most 
reproducible.24  It was therefore thought to be ideal if only the center of the spray could be 
sampled from when using the dual spray system.  A mask was designed with holes 3-6mm in 
diameter to allow only the small central region of the spray to be incident onto the sample plate 
surface.  Three different materials were tried for the mask: aluminum, fiber board, and plastic 
sheeting.  The aluminum sheet (1.58mm thick) did not allow the spray to penetrate the holes in 
the plate, therefore no sample was collected on the sample plate surface.  The next material was 
fiber board, which had a thickness of 1.52mm.  This worked well for one needle spraying at a 
time.  When both needles were spraying, there was an instability present that did not allow for 
controllable sprays.  A higher voltage was needed and one of the needles almost always failed to 
spray properly.  The next material was the thin plastic sheeting similar to overhead transparencies 
which was 0.18mm thick.  This resulted in similar problems to those obtained with the fiber 
board.  
Since an acceptable mask could not be created due to interruption of the electric field, the 
spray was tested without any masking.  In order to test reproducibility of a spray, multiple mass 
spectra were collected from a single spray surface and then the coefficient of variation (CV) was 
calculated from the measurement of peak areas of the analyte obtained from a single spray.  The 
%CV’s obtained by measuring absolute peak areas of multiple spectra obtained from a single 
spray were found to be less than 10% for the different cationized species present in a PEG 2000 
sample.   
The dual spray system provided similar reproducibility to the conventional ESD system, 
in which this low variability is routinely obtained.  The low %CV values demonstrate that this 
technique will improve the results that are obtained for gas phase studies and that a mask is not 
needed in order to maintain acceptable reproducibility. 
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Gas phase cationization 
 
The gas phase cationization process was investigated using DHB as a matrix and PEG 
2000 as the analyte.  The lithium cation is not found as a common contaminant in either the 
analyte or matrix and was therefore the cation of choice for these studies.  One needle was loaded 
with the DHB and PEG 2000 mixture, while the other was loaded with a DHB and LiTFA 
mixture.  The resultant mass spectrum is shown in figure 4-5.  The results in figure 4-5A show 
the presence of the lithium cationized PEG peak along with oligomer peaks cationized with 
sodium and potassium (from the residual trace contamination of the matrix).  This demonstrates 
the successful spraying of two separate samples, where the cationization reagent and analyte are 
only mixed in the gas phase after the laser pulse.  A single spray experiment was performed in 
order to compare the results of the dual spray and the single spray.  Figure 4-5B shows that in a 
single spray experiment the lithium cationized peak occurs in higher abundance.  Note from the Y 
axis values, however, that there is little change in the amount of sodium and potassium cationized 
PEG signal.  There are multiple possibilities for why the single spray experiment exhibits a higher 
abundance of the lithium cationized PEG analyte.  The first possibility is that the solution phase 
reactions are now adding to the overall reaction mechanism.  Another possibility is that with a 
single spray experiment there is an even more intimate contact between the analyte and cation at 
the point of desorption.   
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B 
Figure 4-5. Results of a) a dual electrosprayed sample of DHB and PEG 2000 in one needle and  
DHB and LiTFA in a second needle, and b) single needle electrospray deposition of a mixed 
sample consisting of DHB, PEG 2000, and LiTFA. 
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The advantage of the dual spray system is that more reproducible results can be obtained 
compared to the split probe studies, and the difficulty of keeping the laser focused at the split is 
eliminated.  The improvement of the %CV will allow for better quantitative information to be 
obtained from these experiments.  Table 4-1 displays the reproducibility of the spectra taken 
using the different alkali cationization reagents.  Looking at the %CV for the absolute areas of the 
oligomers measured shows that the results are reasonably reproducible, particularly when 
compared to previous studies done by Hensel and Chavez-Eng, which demonstrated similar %CV 
values for a single spray experiment.24, 25  Table 4-2 shows the relative differences between 
lithium and the other two alkalis for both the single and dual spray experiments, as well as 
demonstrates the difference between the efficiency of the different cationization reactions.  These 
data also gives a quantitative look at the difference in the two spray systems and how they affect 
the relative amount of cationization occurring.   
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Table 4-1.  Absolute peak areas of four different oligomers of PEG 2000 obtained using the dual 
electrospray and the single electrospray apparatus.  The results demonstrate good reproducibility 
for the different cations with little difference between spraying techniques.  The %CV’s are based 
on five replicate measurements of absolute peak areas on a single deposition. 
 
   
Dual Spray 
Experiment    
PEG 2000 Na cationized Oligomers 
Oligomer 1582 1759 1979 2199 
%CV 3.8 6.1 6.4 6.7 
PEG 2000 K cationized Oligomers 
Oligomer 1598 1819 1995 2215 
%CV 2.7 4.1 5.4 4.9 
PEG 2000 Li cationized Oligomers 
Oligomer 1566 1787 1963 2183 
%CV 2.5 4.2 2.9 3.8 
     
   
Single Spray 
Experiment    
PEG 2000 Na cationized Oligomers 
Oligomer 1582 1759 1979 2199 
%CV 2.5 2.4 4 4.0 
PEG 2000 K cationized Oligomers 
Oligomer 1598 1819 1995 2215 
%CV 3.0 3.3 4.1 2.9 
PEG 2000 Li cationized Oligomers 
Oligomer 1566 1787 1963 2183 
%CV 5.0 10.2 8.9 7.1 
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Table 4-2. Comparison of the absolute areas between different cations: a) using the dual 
electrospray and b) using the single electrospray technique.  Comparison of the two experiments 
shows an increased amount of lithium cationized analyte compared to the other alkalis for the 
single needle experiment compared to the dual needle experiment, while the ratio of sodium and 
potassium cationized analyte stays constant.   
 
a) Dual Spray Ratio Of Cationization 
 PEG 2000 Li cationized Oligomers 
  1566 1787 1963 2183 
Li:Na 1.0 0.8 0.7 0.8 
Li:K 0.9 0.9 0.9 0.9 
Na:K 1.0 1.1 1.3 1.2 
     
b) Single Spray Ratio Of Intensity 
 PEG 2000 Li cationized Oligomers 
  1566 1787 1963 2183 
Li:Na 1.4 1.5 1.5 1.4 
Li:K 1.4 1.7 1.8 1.6 
Na:K 1.0 1.1 1.2 1.2 
 
 
 
Gas phase counterion exchange 
 
Gas phase counterion exchange reactions were studied using a ruthenium complex that 
was composed of two different bidentate ligands and two counterions.  The structure of these 
complexes is described in detail in chapter 7.  The ruthenium complexes used for these studies are 
[(A-Ru-D) + 2ClO4-] and [(A-Ru-E) + 2ClO4-].  One of the ligands is held constant while the 
other ligand varied.  Each of the variable ligands is bidentate, which makes them very stable 
structures.  The counterion ClO4- is present to balance the charge of the molecule and is weakly 
bound.   
 The sample mixtures were prepared by mixing one of the ruthenium complexes with the 
DCTB matrix, which was found to produce only a small amount of counterion exchange.  The 
sample mixture was placed in one needle while the other needle was filled with the CHCA matrix 
which is the counterion of choice for these experiments.  The two samples were then electrospray 
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deposited using the dual spray apparatus.   Figure 4-6 shows the mass spectral region of interest 
for the [(A-Ru-D) + 2ClO4-] complex and demonstrates only the ClO4- counterion being present 
(isotope cluster at m/z=850); the peaks just above 900Da are due to possible impurities from the 
synthetic process.  When using the dual spray apparatus and mixing thin layers of the sample 
mixture and the CHCA matrix, both the ClO4- and the CHCA- attached ions are observed as seen 
in figure 4-7.   
 
 
 
 
Figure 4-6. Mass Spectral region of the [(A-Ru-D) + 2ClO4-] complex demonstrating only the 
presence of the ClO4- counterion and the lack of the CHCA counterion.  The peaks denoted by the 
asterisk (*) are due to an impurity from the synthetic process. 
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Figure 4-7. Mass spectral region of a dual sprayed sample demonstrating the presence of both the 
ClO4- counterion and the CHCA counterion 
 
 
 
The advantage of the dual spray system over the split probe apparatus is its ability to 
obtain better reproducibility and to be able to quantitatively study the gas phase reactions.  Table 
4-3 displays the results obtained from five replicate mass spectral measurements of a single 
electrosprayed ruthenium complex sample.  Note that some of the %CV’s for the absolute peak 
areas are higher than those obtained for the cationization studies.  The variability may not be due 
to sample preparation, but may be the result of a variability obtained from the counterion 
exchange reaction.  Looking at the ratio of the two reactions, the %CV’s (determined from 
calculated ratio of each of the five mass spectra obtained) are lower, and there is a measureable 
difference in the amount of counterion exchange for the two different complexes.  The results 
show that the [(A-Ru-E) + 2ClO4-] complex is more susceptible to counterion exchange in the gas 
phase than the [(A-Ru-D) + 2ClO4-] complex. 
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Table 4-3.  Reproducibility of the data as well as the results that show the [(A-Ru-E) + 2ClO4-] 
complex favors counterion exchanging with the CHCA counterion more than the [(A-Ru-D) + 
2ClO4-] complex. 
 
Dual Spray Gas Phase Counterion Exchange 
Ruthenium [(A-Ru-D) + 2ClO4-] 
  
Average 
Absolute Areas %CV   
ClO4- 58232.8 6.8  
CHCA- 62695.4 13.0  
 Ratio of areas %CV  
CHCA-/ClO4- 1.1 8.6  
Ruthenium [(A-Ru-E) + 2ClO4-] 
  
Average 
Absolute Areas %CV   
ClO4- 79158.4 13.4  
CHCA- 135509.2 20.4  
 Ratio of Areas %CV  
CHCA-/ClO4- 1.7 6.7  
 
 
 
 
Conclusion 
 
A new method of sample preparation is demonstrated for the investigation of gas phase 
reaction in the MALDI plume.  The dual electrospray deposition system is found to increase the 
homogeneity of the sample similarly to that of the single spray system.  Use of this technique in 
the gas phase cationization study produced data showing a further need to study the differences 
between a single (solution phase mixed) electrospray deposited mixture and a dual spray 
deposited mixture.  The possibility that solution phase reactions contribute to the overall signal 
can not be ruled out for the single spray experiment, but the increase in sample intimacy must 
also be accounted for when comparing the two results and making conclusions about the gas 
phase reactions.   
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The study of two similar ruthenium complexes demonstrated the ability to see differences 
between the gas phase counterion exchange of the two complexes.  The complex with the [(A-Ru-
E) + 2ClO4-] ligand showed an increased exchange of the initial ClO4- counterion with the anion 
of the CHCA matrix.   
This apparatus will be ideal for preparing samples to study other types of gas phase 
reactions and leads to the possibility of also mixing samples in different solvents without the need 
to be concerned with solvent miscibility.   
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CHAPTER 5: A STUDY OF GAS PHASE REACTIONS IN MALDI TOFMS 
 
 
 
 
Introduction 
 
Matrix-assisted laser desorption ionization (MALDI) mass spectrometry is an important 
technique used to characterize the chemical structures of nonvolatile molecules.  There have been 
multiple investigations into the mechanisms of MALDI 1-11. It is generally agreed that there are 
three important processes leading to the observation of ions in MALDI: intimate contact between 
the analyte and the matrix mixture, desorption of the analyte from the sample surface and 
ionization of the analyte. One of the recurring questions has been the mechanism of ionization.  
Zenobi and Knochenmuss have reviewed the idea of multiple types of ion formation occurring 
within a traditional MALDI experiment 3. Two important models have been suggested, that the 
ions observed are preformed in solution 2 and released from the sample by the laser pulse, or that 
the ions are created by gas phase ionization 12.  Several previous studies have shown valuable 
information supporting the theory of gas phase cationization and other reactions occurring within 
the MALDI plume 1, 4, 13-22.  A limitation of these previous experiments, however, is the complete 
segregation of the cationization reagent and the analyte.23 This is particularly important due to the 
high sensitivity of the MALDI experiment. In the work presented here, a specially constructed 
split sample probe is used to unequivocally demonstrate that gas-phase cationization and gas-
phase counterion exchange occurs within the desorption plume during the MALDI experiment. 
Our data does not disprove the presence of preformed ions or other ionization mechanisms, but 
rather shows unequivocally that gas phase interactions do occur within the MALDI plume.  
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Results and Discussion 
 
MALDI plume chemistry 
 
The MALDI plume is created immediately after irradiation of the sample.  Within this 
plume different chemical reactions may occur.  Two reactions that will be studied are the 
cationization of a synthetic polymer and counterion exchange with an inorganic complex.  Both 
reactions may occur in the solution phase; however, this chapter will demonstrate that they do 
occur in the gas phase as well.  In the previous chapter the goal was to increase the intimacy of 
the gas phase reactants by use of the dual electrospray deposition device.  Figure 5-1 
conceptually displays what, may be occurring in the studies that involve the split probe and the 
dual spray apparatus.  The split probe samples are actually deposited in separate locations, 
whereas for the dual spray the samples are deposited as very small dried droplets that are 
separated by a small distance that should be less the 1µm.  As seen in the diagram the split probe 
will produce two separate plumes.  The only interaction of these two plumes will occur after the 
expansion; there is no direct interaction of the samples when initially irradiated.  The dual spray 
demonstrates a more immediate interaction; as the laser irradiates the spot the samples should be 
significantly closer together and should mix more efficiently.  Figure 5-2 conceptually 
demonstrates what the surface of the probe for the split probe and the dual spray experiments 
might look like on a microscopic scale.  This figure shows that the segregation of the reactants on 
the split probe is high, compared to the dual spray sample where the analyte and reactant are 
dispersed throughout the sample probe.  The goal of the split probe apparatus is to unequivocally 
demonstrate the presence of gas phase reaction while the dual spray apparatus is to increase the 
reproducibility and the ability to quantitate what is occurring. 
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Figure 5-1. The MALDI plumes shown above demonstrate that when irradiating the middle of 
the split probe, which demonstrates only a small region of mixing that may occur, and the results 
of irradiation of the sample at any location using the dual spray apparatus, which will provide a 
much larger volume of mixing, since they will be desorbed much closer than the split probe.   
 
 
  
 
 
Figure 5-2.  Microscopic conceptual representation of the surfaces for the split probe experiments 
and the dual spray experiments, showing the large segregation of the analyte and reactant in the 
split probe case and the smaller segregation of the analyte and reactant in the dual spray case. 
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Cationization example 
 
Most MALDI matrices are commonly contaminated with sodium and potassium, and the 
complete removal of these alkalis is very difficult, if not impossible.  In order to better study the 
cationization process the matrix was highly purified using strong ion exchange resins.  This 
reduction of alkali is important to reduce the competition of cationization with different alkalis 
because of the affinity of the PEG for different alkalis.24  Since this only reduces the amount of 
sodium and potassium, a different alkali was chosen for the study.  Lithium was chosen because 
PEG has a good affinity for the lithium cation.25  A conventional MALDI experiment was 
performed to investigate the effect of the reduction of the initial amount of alkali cations present 
in the sample before adding back in a controlled amount of the lithium hydroxide cationization 
reagent.  The resulting spectrum in figure 5-3 shows intense lithium cationized PEG oligomers 
and little or no other cationized species.  Similar results were obtained from samples prepared by 
either dry-drop or electrospray deposition. 
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A
 
B
Figure 5-3. Conventional MALDI mass spectrum of PEG1500 obtained using ion exchanged 
DHB as the matrix and LiOH as the cationization reagent. A) Expanded region demonstrating the 
presence of only the [PEG+Li]+ oligomer. B) The full mass spectrum of the PEG sample. 
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To rigorously test the theory of gas phase cationization, the complete segregation of 
analyte and cationization agent is necessary.  This was efficiently accomplished using the split 
sample probe.  Figure 5-4 shows the actual split probe that was used when it is assembled, as 
well as when it is separated into its component parts.  Preliminary experiments were performed to 
ensure that the laser was positioned on the split or on one side or the other.  An Intel Plug–N-Play 
microscope operating at 200X magnification was used to image the sample surfaces after MALDI 
analysis.  The micrographs shown in figure 5-5 were taken of an electrospray-deposited sample 
to demonstrate the size of the laser spot which is much larger then the actual size of the split.  The 
size difference demonstrates that when the laser is focused on the split, there is the ability to 
desorb from both sides of the probe.  The micrographs shown in figure 5-6 were taken of an 
electrospray-deposited sample to demonstrate the location of the laser spots during a typical 
analysis.  Note the position of the split is easily observed.  
 
 
 
 
 
Figure 5-4.  Photographs of the split probe both assembled and separated into its component 
parts. 
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Split 
Laser Spot 
 
Figure 5-5. Visible light micrographs (200X) showing the laser spot size which is 490µm X 
200µm compared to the size of the split which is 10µm. 
 
 
 
 
 
Figure 5-6. Visible light micrographs (200X) showing the location of the laser spots on the 
sample surface. 
 
 
 
Once the proper position of the laser spot was determined, the probe was prepared by 
using the ESD method.  The sample on side A contained DHB and PEG 1500 while the sample 
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on side B contained DHB and LiOH.  Mass spectra were acquired from the split, as well as from 
each side of the probe.  Figure 5-7 enumerates the five different cation series that were observed 
in the PEG mass spectra.  The presence of the sodium and potassium are due to residual cation 
that could not be removed from the sample or analyte.  Ammonium cationized peaks are 
produced by reaction with the residual diammonium hydrogen citrate (DAHC) left over on the 
sample plate that was rinsed with a solution of DAHC prior to sample deposition.  The mass 
spectrum in figure 5-8 shows that when the laser was focused on side A PEG oligomers are 
observed, but they are only detected cationized with four of the five series.  When side B of the 
probe was illuminated, the expected peaks for Li+ and the DHB matrix were observed in the low 
mass region of the spectrum (vide infra); figure 5-9 shows there was no PEG oligomer signal 
observable in the high mass region.  When the laser was focused at the split (figure 5-10), Li+ 
cationized oligomer peaks were observed in addition to the other cation series.  The results 
obtained with the split probe are similar to those that were discussed previously in chapter 4 using 
the dual electrospray apparatus.   
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Figure 5-7.  Identity of the cationized series observed for the PEG experiments, M represents a 
molecule of the PEG analyte. 
 
 
 
 
 
 
 
M + K+ [M + K]+
M + H+ [M + H]+
M + Na+ [M + Na]+
M + Li+ [M + Li]+
M + NH4+ [M + NH4]+
Series A 
Series B 
Series C 
Series D 
Series E 
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Figure 5-8. High mass region of the MALDI spectrum from the dry-drop preparations obtained 
by illuminating side A containing PEG + DHB only.  The different cationized species present are 
labeled as shown in figure 5-7. The subscripted number indicates the number of monomer units 
in the polymer chain. 
 
 
 
 
Figure 5-9.  High mass region of the MALDI spectrum from the dry-drop preparations obtained 
by illuminating side B containing DHB + LiOH only.  This figure demonstrates the lack of 
analyte presence on side B. 
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Figure 5-10. High mass region of the MALDI spectrum from the dry-drop preparations obtained 
by illuminating at the split. Na+ and K+ cationized peaks are observed due to residual 
contamination of the matrix. NH4+ cationized peaks are also observed; these peaks result from 
washing the sample plate with DAHC.  
 
 
 
Spectral mass resolution 
 
It should be noted that the mass resolution of the spectrum shown in figure 5-8 is not 
typical of this instrument (particularly as compared to the results shown in figure 5-3).  It was 
found that when a controlled amount of alkali was added back into the samples, increased mass 
resolution was obtained.  Figure 5-11A demonstrates that low mass resolution is obtained when 
the amount of alkali in the sample is reduced to trace levels by ion exchange; figure 5-11B shows 
the increase in mass resolution obtained when alkali is titrated back into the sample mixture.  
Note that equal laser fluence was used for both the cation doped and undoped experiments, 
demonstrating that the loss of mass resolution is not due to laser intensity effects, but due to the 
quantity of cation present in the sample.   
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 The dual electrospray experiments (shown in chapter 4) did not exhibit this loss of 
resolution.  Even the lithium cationized PEG oligomers exhibited isotopic resolution.  However, it 
is important to remember that the other advantage of the dual spray apparatus was that it was able 
to prepare samples for use on an instrument with reflectron capabilities where the split probe 
experiments can only be performed on our custom-built linear TOFMS instrument. 
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B 
Figure 5-11.  Demonstration of the effect of the amount of alkali present on mass resolution: a) 
ion exchanged MALDI sample, b) the same sample doped with 7 times the stoichiometric amount 
of the NaTFA cationization reagent. 
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Effect of sample deposition method 
 
To investigate whether the sample deposition process chosen affects the gas phase 
cationization process, the experiments described above were repeated using electropsray 
deposition as an alternative to dry drop deposition.  The resultant mass spectra shown in figures 
5-12, 5-13, and 5-14 were very similar to those observed from the samples prepared using the dry 
drop method.  However, the process of obtaining the spectra was much more efficient since the 
surface at the split was more uniform in composition.  Comparing figure 5-12 to figure 5-8, there 
was a noticeable decrease in the intensity of the protonated peak in the electrospray deposited 
sample as compared to the dry drop sample. As electrospray deposition creates a more 
homogeneous sample surface, it is expected that the alkali contamination will also be more 
homogeneously distributed within the sample, causing more efficient cationization compared to 
protonation of the PEG.  Figure 5-12 also shows a reduction in the intensity of potassium 
cationized peaks on side A as well; however, figure 5-14 shows at the split an increase in the 
potassium cationized peaks.  This can be explained in two different ways. First, the dry drop 
method is known to lead to a heterogeneous distribution of alkali during the drying process. With 
different amounts of alkali present in different sample spots, the absolute signal intensity from 
different regions of the sample spot do change.  Second, previous experiments in our lab have 
demonstrated that PEG has a higher affinity for potassium than lithium; therefore potassium may 
compete better than lithium for the PEG while in the gas phase26.  Further investigation into the 
competition of the different alkalis with various matrices and analytes was performed and will be 
discussed further in chapter 6.   
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Figure 5-12.  High mass region of the MALDI spectrum from the electrospray sample 
preparations obtained by illuminating side A containing PEG + DHB only. 
 
 
 
 
Figure 5-13.  High mass region of the MALDI spectrum from the electrospray sample 
preparations obtained by illuminating B containing DHB + LiOH only 
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Figure 5-14.  High mass region of the MALDI spectrum from the electrospray sample 
preparations obtained by illuminating at the split. 
 
 
 
It is interesting to note that a protonated PEG peak was observed using the dry drop 
sample method.  Batch ion exchange treatment of the DHB matrix solutions (at least three times) 
was required to reduce the amount of sodium and potassium contamination to levels that allow 
the protonated oligomer peaks to be observed.  Atomic absorption analysis was performed on the 
samples to measure the change in the amount of sodium present due to the ion exchange process.  
The results of this experiment demonstrated that there was a significant reduction in the amount 
of Na+ present in the solution.  Reduction of the alkali contamination is required to observe the 
competition of the PEG oligomers for protons versus the various alkali cations, indicating a 
significantly higher alkali ion affinity as compared to proton affinity 20, 24, 27, 28.  
 
 
 
 
 106
Counterion exchange example 
 
Gas phase reactions in the MALDI plume are not limited to the cationization of a 
synthetic polymer analyte.  Other analytes studied here involve inorganic complexes containing 
ruthenium as the transition metal.  Chapter 7 will focus on the analysis of the different inorganic 
complexes, but these experiments provided another set of reactions that could be observed in the 
MALDI plume.   
Initial MALDI TOFMS analysis of the hetero ligand complexes failed to show peaks at 
the mass that was expected for the synthesized compounds.  Further investigation led to the 
discovery that the masses observed in the mass spectrum depended on the matrix used in the 
sample preparation.  Analysis of the mass spectra suggested that there was a loss of one 
counterion from the complex and in most cases the anion of the matrix was exchanging with the 
remaining counterion.  There was one matrix found that did not exchange the counterion, this 
matrix was DCTB.  The importance of these reactions is covered in detail in chapter 7.  Once this 
counterion exchange reaction was observed and understood, the goal was to determine where the 
reaction may be occurring.  Although a solution-phase reaction cannot be ruled out, there was a 
desire to demonstrate that this can be a gas-phase reaction as well.  In order to demonstrate that 
this was a gas-phase process, the DCTB matrix was utilized because it did not exhibit this 
counterion exchange behavior.  Similar to the gas phase cationization studies, the split probe 
apparatus was utilized in order to provide complete sample separation.  A sample mixture was 
made of the analyte and DCTB matrix, which was deposited on side A of the split probe.  On side 
B of the split probe the matrix CHCA was deposited alone.  Figure 5-15 shows the results when 
only side A was irradiated.  The presence of the analyte with its original counterion was observed.  
When side B was irradiated, only CHCA matrix peaks were observed in the low mass region.  As 
shown in figure 5-16, when both sides were irradiated by focusing the laser on the split, both the 
original anion and the new CHCA anion attachment signals were observed.  The results of the 
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dual spray experiments produced similar qualitative results as those seen with the split probe 
experiments.  However, the dual spray apparatus provides better resolution and the ability to 
obtain additional quantitative information about the reaction.  This result is very important for 
thinking about the reactions that are occurring in the MALDI process.  Clearly the counterion 
exchange occurs as a gas phase process in the MALDI plume. 
 
 
 
 
Figure 5-15. Laser focused on side A demonstrating the presence of the ClO4- counterion product 
only.  The peak indicated by the asterisk (*) is a synthetic impurity that is not identifiable with the 
resolution obtained. 
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Figure 5-16.  Illumination of the split produces both the original counterion product and the 
matrix anion product formed from the CHCA matrix. 
 
 
 
Taking into consideration the small size of the split, the possibility exists that the CHCA 
matrix or the inorganic analyte may be either melted by the laser pulse or may be initially 
desorbed by one laser shot, re-deposited on the other side of the split and then desorbed by 
another laser shot.  To investigate whether this was occurring, a single shot spectrum at the split 
was obtained immediately after loading the probe.  While the signal-to-noise ratio of the spectrum 
is low, figure 5-17 clearly shows a result similar to the standard signal averaged split results 
shown in figure 5-16.  This experiment was also performed for the cationization studies and the 
same result was found; the single shot data were representative of a multi laser shot experiment.  
This demonstrated that even if melting of the matrix or re-deposition occurs, the effect is not 
significant to the results. 
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Figure 5-17. The result of a single laser shot at the split demonstrating only the gas phase 
counterion exchange occurring. 
 
 
 
Conclusions 
 
 The work presented in this chapter unequivocally demonstrates that gas phase reactions 
occur during the MALDI process.  Careful physical design of the split probe ensured that the two 
sample mixtures were segregated at all times and the only possibility for mixing must occur 
inside of the MALDI desorption plume.  This study does not disprove the ionization mechanism 
invoking the presence of preformed ions, nor does it determine which form of ionization is more 
favorable.   
Studies with the polymer analyte demonstrated other important information that is not 
usually obtained during routine analysis.  The careful reduction of the amount of alkali 
contamination led to the demonstration of the competition of the analyte for cationization versus 
protonation.  When the sample had enough cation present no protonated ions were observed.  
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Comparison of the dry-drop and electrospray deposition methods also showed that the process of 
cationization is not greatly affected by the sample preparation process chosen.  
The inorganic analyte provided further evidence of other reactions occurring in the 
MALDI plume.  Counterion exchange was observed during routine sample analysis but has now 
been demonstrated to occur in the gas phase. As with the cationization process, these results do 
not exclude the possibility that the counterion exchange could occur in the solution phase as well.  
The combination of the results of both analytes clearly opens the possibility to study a variety of 
systems and their possible interactions in the gas phase.   
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CHAPTER 6:  THE STUDY OF SALT-TO-ANALYTE RATIOS FOR FOUR MATRICES 
IN MALDI TOFMS 
 
 
 
 
Introduction 
 
Sample preparation is a crucial step in the MALDI process for the analysis of synthetic 
polymer samples.  There are four main factors to consider when preparing a synthetic polymer 
sample for analysis: the MALDI matrix that is used, the matrix-to-analyte ratio, choice of the 
proper cationization agent (salt), and the salt/analyte ratio.  This is not a complete list of all 
factors that contribute to sample preparation; however, these are the key factors that one must 
keep in mind when preparing a polymer sample. 
The choice of matrix has always been a challenge when analyzing any sample with 
MALDI.  Most times the choice of matrix is done by availability or trial and error.  The problem 
with these methods is that they often produce poor results which can waste precious sample and 
time.  Recently we have published a method for deciding how to properly choose a matrix based 
on matching the solubility characteristics of the analyte to the matrix.    1
Many researchers have explored the importance of the matrix-to-analyte ratio.   These 2-6
studies have involved both biological and synthetic polymer analytes and have been found to 
depend of the selection of matrix and analyte.  The problem with the matrix-to-analyte ratio is 
that if the ratio is too small there will be little or no signal; however, the same result is observed if 
it is too large.   
The third important factor is choice of the proper cationization agent; the importance of 
this factor has best been demonstrated when analyzing polymers such as polystyrene and 
polyethylene.   Previous work was done in our group by Henry Xiong, in which he studied the 7-13
addition of the three different alkali cations; lithium, sodium, and potassium (added as the salt of 
the DHB anion), to PEG 1000 and polytetramethylene glycol (PTMEG) samples.14  
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The fourth factor is the proper choice of the salt/analyte ratio.  How much salt is present 
in the sample is acknowledged to be very important in the analysis of biological samples (due to 
the formation of alkali adducts that weaken the observed protonated analyte signal), but is 
sometimes overlooked when analyzing polymers.  Recent work by Andrew Hoteling in his Ph.D. 
thesis dissertation demonstrated the effect of varying the salt-to-analyte (S/A) ratio (using the 
sodium cation) on the analysis of a PMMA 6300 sample with DHB, IAA, and dithranol matrices.   6
Hoteling showed that the amount of cation present can greatly change the effectiveness of a given 
matrix for producing analyte signal.  Too much or too little cation was shown to result in 
complicated trends in signal intensities.  This result has been seen previously for biological 
samples that contain high concentrations of buffers or salts, where the analyte signal was 
suppressed.    5, 15
All of this previous work has been done utilizing a variation of the dry drop method.  As 
described in chapter 4, the dry drop method can give rise to high variability in signal response.  In 
order to gain control over the sample preparation and therefore gain more information about the 
salt-to-analyte ratios, the electrospray deposition (ESD) technique has been utilized in this work.  
The focus of this work is to further gather information utilizing Hoteling’s methodology while 
employing the ESD method and to begin to explore the use of other alkali cations and MALDI 
matrices.   
The work described in this chapter involves the use of four different matrices and three 
different alkalis in order to extend the previous experiments performed studying the effects of the 
amount of cationization reagent used in the MALDI analysis of polymer analytes.  Hoteling’s 
methodology involved mixing of the matrix and analyte and then making small additions of salt 
to the mixture and depositing the samples in different sample spots.6  This procedure is essentially 
a standard titration.  The PMMA 6800 analyte is solvated by the matrix, which upon evaporation 
of the solvent creates a solid solution.  The titrant is the salt solution, which is added in 
increments to the matrix and analyte mixture.  A similar titration procedure was performed in this 
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work, except that here individual samples were prepared and electrosprayed onto the sample plate 
for analysis.  There was a need to optimize the conditions of the ESD apparatus in order to ensure 
the ability to produce homogenous surfaces.  The flow rate was set to 5 µl/min and the applied 
voltage was varied between 5-6kV dependent upon the matrix.  The spray times were 
approximately 5 seconds in order to produce thin layers, which our group has observed to show 
an increase in the signal response.  The only set of data that was not measured using the ESD 
method, but rather the dry drop method, was that of the DCTB matrix.  The problems experienced 
with use of the DCTB matrix will be discussed in detail in a separate section.  Although the 
DCTB matrix was not electrosprayed, useful information was still obtained from those 
experiments.   
MALDI matrices were chosen for use in order to investigate the differences in analyte 
signal observed as the polarity of the matrix changes.  Following our previously published results 
on the effect of the solubility of the matrix and analyte on the MALDI sample preparation, the 
four matrices chosen were DHB, CHCA, dithranol, and DCTB.1  Both DHB and CHCA are 
considered to be more polar matrices, while dithranol and DCTB are considered to be non-polar 
matrices.  The different alkalis chosen for analysis were Li, Na, and K (added as the 
trifluoroacetate salts) because these alkalis are the commonly found contaminants in some 
MALDI matrices as well as in synthetic polymer samples.  As Hoteling found in his studies that 
the counterion can also have an effect on the ionization of a polymer, all salts employed in these 
studies involved the TFA anion, and no investigation into the use of other anions was attempted.  
The nomenclature for this chapter will follow the standard that was used in Hoteling’s thesis, 
where [S] denotes the concentration of alkali present and [A] denotes the analyte concentration.   
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Results and Discussion 
 
Four different oligomers in the PMMA distribution were chosen for analysis.  As seen in 
figure 6-1, one oligomer from the low mass end, two from the central mass region, and one from 
the high mass end of the polymer distribution were selected for analysis.  These peaks were 
chosen to account for any differences that may occur because of the location of the oligomer 
within the molecular weight distribution. 
 
 
 
 
 
Figure 6-1.  Mass spectrum of PMMA 6800 displaying the different oligomers that were chosen 
for analysis from the distribution. 
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Reproducibility 
 
The ESD method was the sample preparation method of choice for three of the four 
matrices.  This technique has been found to increase the homogeneity of the sample surfaces, 
which produces better shot-to-shot reproducibility within individual samples.  The results of these 
studies involve the measurement of the absolute peak areas; all data that are presented in this 
chapter are the average of the three replicate measurements that were obtained from individual 
spots for each sample deposited.  The measured %CV values were found to vary between 1-25% 
for the individual sprays.  The evaluation of the intersample variability was not performed for 
these studies, only the intrasample variability was measured.  Table 6-1 shows the RMS average 
of the %CV values that were obtained for the sodium cationized 7133 PMMA oligomer.  The 
data displayed in this table demonstrate that the variability between the different matrices across 
the series of measurements made for a set of experiments is not significant.  Note that some of the 
variability of the values for the individual sprays is due to the variability in the baseline of the 
data that is caclulated.  In order to correct for this, the baselines of the spectra were corrected in 
the data analysis as discussed in chapter 2.  Although this helped to correct the overall data, the 
individual reproducibility was affected through the baseline process because of the differences in 
how the algorithm corrected the individual spectra.  The baseline effect is also the reason why 
some of the data that are plotted are not as smooth as might be desired.  Overall the use of ESD 
proved to be beneficial in minimizing the solubility issues between the different matrices, analyte, 
and alkali salts.  The reproducibility of the shapes of the curves was confirmed over the course of 
experiments.  The variability in the absolute (average) peak areas from experiment to experiment 
varied due to instrumental conditions, which is largely attributed to experimental issues 
encountered with the nitrogen laser cartridge.  Figure 6-2 and figure 6-3 demonstrate that 
although the absolute peak areas varied from experiments, the physical trends of the data did not 
change.   
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Table 6-1.  Typical reproducibility observed when analyzing the different matrices across the 
titration curves.  The results demonstrate that there is not a large variation among the different 
matrices in terms of their reproducibility. 
 
  
Reproducibility of individual Sample Spots for Na Cationized 7133 Oligomer 
   Matrices     
 DHB   Dithranol   CHCA   DCTB  
[S/A] %CV [S/A] %CV [S/A] %CV [S/A] %CV 
0.00 8.28 0.00 8.56 0.00 3.35 0.00 21.04 
0.26 9.06 0.26 11.60 0.25 0.73 0.25 7.59 
0.51 16.11 0.51 1.18 0.50 24.96 0.50 13.53 
0.77 3.74 0.77 4.92 0.75 3.30 0.75 12.08 
1.03 14.34 1.03 3.34 1.25 4.69 1.25 4.06 
1.54 9.49 1.54 9.99 1.75 13.81 1.75 15.05 
2.05 6.32 2.05 12.79 2.25 6.78 2.25 7.57 
3.08 6.06 2.56 11.41 2.75 7.16 2.75 8.66 
RMS 9.98  8.93  10.93  12.27 
 
 
 
Figure 6-2. Results from two separate experiments of the DHB sodium titration of PMMA 
7133Da oligomer, representing that although the peak areas have changed, the trend of the curve 
stays consistent.  These data were obtained approximately six months apart using different laser 
cartridges, which will affect the laser fluence utilized. 
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Figure 6-3.  Results from two separate experiments of the DCTB lithium titration of PMMA 
8018Da oligomer, representing that although the peak areas have changed, the trend of the curve 
stays consistent. 
 
 
 
Sodium cationization studies 
 
The presence of sodium is very difficult to eliminate in MALDI sample preparation, as 
there are many sources of this contaminant.  All matrices were tested prior to use using flame 
atomic absorption spectroscopy in order to measure the absolute amount of alkali present in the 
matrix.  The results of these studies are given in chapter 2.  The DHB that was utilized was 
previously recrystallized to remove much of the alkali, therefore only a small amount of sodium 
was present.  The amount of alkali present may never reach zero for both the sodium and 
potassium cation, any residual alkali will effectively cationize the PMMA analyte, therefore the 
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analyte signal intensities presented in this chapter will generally not start at zero.  In the case of 
lithium, there is generally none contributed by the matrices themselves.   
Initial studies were performed utilizing the DHB matrix and PMMA 6800 analyte in 
order to reproduce previous results obtained within the group.  The results shown in figure 6-4 
display the effect of titrating the PMMA 6800 sample in the DHB matrix.  For all titration figures 
the masses of the different oligomers that were chosen, (figure 6-1), are shown in the box on the 
right hand side of the graph.  As the alkalis change then the masses will change accordingly.  The 
results that were obtained were consistent with Hoteling's previous work.6  The titration of 
PMMA 6800 with sodium is viewed as an “ideal case”, in which the addition of sodium 
eventually leads to a stable signal that is no longer affected with the addition of more alkali.  The 
ideal case represents a stoichiometric reaction occurring in the MALDI process- perhaps 
surprisingly; only one cation is needed per molecule of analyte.  This is a very important point 
that implies that the ionization efficiency of the MALDI process is apparently 100%.   
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Figure 6-4.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DHB as the matrix and NaTFA as the cationization agent.   
 
 
 
 The analysis with the other three matrices was performed with the addition of the sodium 
in order to see if there were any matrix effects.  The titration curves for the matrices CHCA, 
dithranol, and DCTB are displayed in figures 6-5, 6-6 and 6-7, respectively.  Both the CHCA and 
DCTB matrix demonstrated similar results to the titration of PMMA in the presence of DHB.  
The one matrix that did not follow this trend was the dithranol matrix.  As seen in figure 6-6, the 
result of titrating PMMA in the presence of dithranol yields what Hoteling previously termed a 
"non-ideal" case (observed using IAA as the matrix).6  In this case the signal reaches a maximum 
and then the analyte signal is suppressed by the addition of additional alkali.  Hoteling showed 
that the non-ideal case could generally be corrected (converted to an ideal case) by increasing the 
matrix-to-analyte ratio.  In the case of IAA, however, increasing the M/A ratio did not correct the 
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problem because of the strong presence of salt clusters with the IAA matrix in the low mass 
region.  The non-ideal case was however, corrected through the use of electrospray deposition, 
which eliminated the clusters and produced an ideal situation.   
 
 
 
 
 
Figure 6-5.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using CHCA as the matrix and NaTFA as the cationization 
agent. 
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Figure 6-6.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using dithranol as the matrix and NaTFA as the cationization 
agent. 
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Figure 6-7.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DCTB as the matrix and NaTFA as the cationization 
agent. 
 
 
 
 Overall, the sodium cation appears to be a good choice for the cationization of the 
PMMA analyte.  The maximum signal is obtained once the [S]/[A] mole ratio reaches 
approximately  1:1 for the three matrices that exhibited the ideal case. The only problematic 
matrix was dithranol; however, since this study focuses only on salt-to-analyte ratio and the 
matrix-to-analyte ratio is held constant, increasing the M/A may convert this non-ideal case to the 
ideal case. 
 
 
 
 
 126
Potassium cationization studies 
 
Potassium is generally the second most common contaminant found in MALDI samples.  Once 
again, this is a difficult alkali to completely remove; however, it generally occurs in lower 
abundance than the sodium contamination.  The same series of experiments performed with the 
sodium cation were replicated using KTFA as the titrant.   
 The results of the potassium titration proved more variable than those with sodium.  The 
maximum signal was only obtained when an approximate 1:1 [S]/[A] ratio was obtained for the 
DHB matrix as seen in figure 6-8.  DHB once again follows the ideal case as was seen with the 
titration of PMMA with the sodium cation.   
 
 
 
 
Figure 6-8.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DHB as the matrix and KTFA as the cationization agent. 
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 The CHCA matrix also follows the ideal case with the potassium cation; however, there 
is a difference in where the maximum analyte signal is observed.  As shown in figure 6-9, the 
signal increases then reaches a maximum above the 1:1 ratio, in this case closer to the 1.5 [S]/[A] 
ratio.  The final data point observed appears with a slight decrease for some of the oligomers, but 
this could be another example of the baseline effect, because the signal does not decrease for all 
of the oligomers as in a non-ideal situation.  This result indicates that there needs to be more 
potassium added to the PMMA sample when using the CHCA matrix to ensure complete 
cationization of the polymer analyte.   
 
 
 
 
Figure 6-9.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using CHCA as the matrix and KTFA as the cationization agent. 
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 The dithranol matrix proves to be completely different from any other results previously 
obtained.  Figure 6-10 displays the results obtained from the titration of PMMA with KTFA; here 
the plot shows a new case in which the analyte signal continues to increase with the addition of 
alkali far past the 1:1 value.  This new result is described as a "rising case".  The results suggest 
that the signal is not beginning to level off until the highest tested [S]/[A] mole ratio of 3.5.   
There is a possibility that with larger additions of potassium that the signal will reach a maximum 
and become stable as in the ideal case.  The importance of this case is that a much higher amount 
of potassium alkali addition is needed.  Further discussion of the rising case result is found later 
in this chapter along with information about what is occurring in the low mass region.   
 
Figure 6-10.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using dithranol as the matrix and KTFA as the cationization 
agent. 
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 When the PMMA is titrated with KTFA in the presence of the DCTB matrix, the results 
display a non-ideal case (similar to the NaTFA/dithranol example) as shown in figure 6-11.  The 
maximum signal is obtained around a [S]/[A] mole ratio of 1.75, which is similar to the higher 
amount of potassium needed for the CHCA matrix.  The DCTB matrix results demonstrate that a 
higher matrix-to-analyte ratio will need to be explored as well as ensuring that a larger amount of 
potassium is added than in the case of DHB. 
 
 
 
Figure 6-11.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DCTB as the matrix and KTFA as the cationization agent. 
 
 
 
 
 The titration of PMMA 6800 with KTFA demonstrates the effect of the different 
matrices.  Only the DHB matrix showed similar results as with the titration by NaTFA, the other 
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three matrices required the addition of more cation in order to achieve a maximum signal.  The 
potassium titration results also demonstrate that different cationization behavior can be observed 
when using different alkalis. 
 
Lithium cationization studies 
 
The lithium cation is not a common contaminant found in most MALDI matrices; however, 
residual amounts in the sample may be contributed by the analyte if a lithium initiator is used in 
the polymer synthesis.  Lithium has been shown to be a good cation when performing tandem 
mass spectrometry experiments for polymers.16-18  As shown in chapter 2, none of the matrices 
contained any measurable amounts of lithium.  This lack of lithium makes it the ideal alkali for 
these studies as there should be no contribution from other sources.  It is important to remember 
though, that cationization in the MALDI process is considered to be a competitive one, so the 
presence of the other alkalis can still have an effect on the lithium results.   
 The results obtained for the titration of PMMA 6800 with LiTFA demonstrated another 
clear example of the effect of cation and matrix.  This is the first cation where the DHB matrix 
did not show an ideal titration curve.  As seen in figure 6-12, the signal for the response of the 
PMMA continues to increase with the addition of the lithium cation.  This is another example of 
the rising case where the signal is still increasing even when a [S]/[A] ratio over 5 is reached.  
This result shows that there is a need to greatly increase the amount of lithium in order to 
completely cationize all of the polymer analyte.   
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Figure 6-12.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DHB as the matrix and LiTFA as the cationization agent. 
 
 
 
 When titrating the analyte with lithium in the presence of the CHCA matrix, the results 
show this mixture to be better behaved.  Figure 6-13 demonstrates that the CHCA matrix exhibits 
an ideal case, where the maximum signal is achieved close to a [S]/[A] mole ratio of 
approximately 1.  It appears from the results that lithium is a more acceptable cation to use when 
using the CHCA matrix because it completely ionizes all of the polymer analyte. 
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Figure 6-13.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using CHCA as the matrix and LiTFA as the cationization agent 
 
 
 
 The dithranol matrix demonstrates similar results to the CHCA matrix.  The signal 
maximum is achieved close to the [S]/[A] mole ratio of 1, as shown in figure 6-14.  This is the 
only cation where dithranol was found to initially fall within the ideal case category.  This matrix 
has proven to be another possibility for use when analyzing PMMA with the lithium cation. 
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Figure 6-14.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using Dithranol as the matrix and LiTFA as the cationization 
agent. 
 
 
 
 The DCTB matrix proved to be very problematic when using LiTFA as the cationization 
reagent.  The initial steps of the titration provided little to no lithium cationization of the PMMA 
analyte.  As seen in figure 6-15, the response of the lithium cationized polymer is very poor until 
after a [S]/[A] mole ratio of over 1 is achieved.  Even once the [S]/[A] mole ratio is increased to 
over 2 the absolute areas are still relatively low compared to the other matrices.  One of the 
reasons for this may be from the deposition method.  Since the DCTB samples were prepared 
using the dry drop method, there may be uncontrolled factors, such as the segregation of the alkali 
and the analyte, which would hinder the ability for the PMMA to be cationized by the lithium, 
therefore affecting the results.   
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Figure 6-15.  MALDI TOFMS absolute peak area plotted versus [S]/[A] for four different 
oligomer peaks of PMMA 6800, using DCTB as the matrix and LiTFA as the cationization agent. 
 
 
 
Low mass investigation 
 
In order to further investigate the different shapes of the titration curves, an analysis of 
the low mass region was performed.  It was found that for the ideal and non-ideal cases that the 
low mass regions did exhibit a small amount of salt clustering.  As seen in figure 6-16 the result 
of adding more sodium in the presence of DHB does not increase the peak area for the first 
sodium addition.  Figure 6-17 shows the low mass region of DHB when analyzing with an 
approximately 5:1 [S]/[A].  Figure 6-18 displays the results for a sample mixture that has a 
[S]/[A] mole ratio of approximately 156:1, under the same laser fluence and detector conditions 
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as the previous example.  The difference between the two results demonstrates the ability for the 
matrix to cluster with alkali when present at high concentrations.  This lack of clustering is a 
representative example for all the ideal and non-ideal cases.  This implies that an increase of the 
matrix-to-analyte ratio will more than likely fix the non-ideal situations.   
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Figure 6-16.  Displayed are the results for the sodium cationized DHB ion peak (M/Z = 177), 
which does not increase significantly with as the alkali increases. 
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Figure 6-17.  Low mass region of a DHB PMMA 6800 with sodium added at a 5:1 [S]/[A] mole 
ratio.  This demonstrates the small amount of clustering of the matrix at the higher additions of 
alkali for the experiments performed.  
 
 
 
 
 
Figure 6-18. Demonstrating that with the addition of sodium at a [S]/[A] mole ratio of 
approximately 156 the presence of a significant amount of clustering occurs.   
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 An analysis of the low mass region for the rising case (Li with DHB) is shown in figure 
6-19. The results show that as the alkali salt is added, the cationized matrix peak [DHB + Li]+ 
continues to increase in a similar trend to the increase observed for the analyte.   Figure 6-20 
shows the trend of the rising case for the PMMA oligomers.  Comparing the two figures, it 
appears that the matrix is in competition with the analyte for the cation.  These results show that 
there will be a need to add a higher amount of alkali in order to fully ionize the analyte because of 
the competition between the matrix and the analyte.   
 
Figure 6-19.  Displayed are the results for the lithium cationized DHB ion peak (M/Z = 161), 
which continues to increase as the addition of the alkali increases. 
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Figure 6-20.  Displayed is a new set of experimental results in which the rising case occurs when 
titrating PMMA with the lithium cation in the presence of the DHB matrix.  This trend is very 
similar to the trend of the lithium cationized DHB ion   
 
 
 
DCTB matrix issues 
 
Difficulties were experienced with initial attempts to electrospray the samples mixed with 
the DCTB matrix.  When using the ESD apparatus with DCTB it was difficult to stabilize the 
spray and obtain a good Taylor cone.  Adjustments were made to both flow rate and voltages, 
however, no stable settings could be found.  The few times that a stable spray was obtained it was 
difficult to keep the spray stable for more than a few seconds.  Attempts to analyze one of the few 
samples that were obtainable using the ESD proved to be extremely difficult for these types of 
experiments.  It was observed that a five second spray would completely evaporate in less than 
two minutes once under vacuum in the TOFMS.  Even if there could have been the ability to 
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utilize longer spray times, the inhomogeneity in the loss of sample and change in sample depth 
due to the low vacuum stability of the DCTB would greatly affect the results.  Although ESD was 
not employed for the DCTB studies, the dry drop method did provide useful information for both 
the sodium and potassium titrations.  Investigation into the low mass region of the DCTB matrix 
with the lithium cation, have provided a troublesome result that will need to be further 
investigated to get a better grasp of why the DCTB matrix behaves the way it does.   
Previous work done in our lab with the DCTB matrix only involved the analysis of low 
molecular weight materials.  However, when analyzing the low mass region for this chapter it 
was discovered that there is a polymer contaminant within the matrix.  Figure 6-21 displays a 
background spectrum of the DCTB matrix with low mass deflection being applied and high laser 
fluence being utilized.  The laser fluence used in this experiment is approximately 20% higher 
than that used for a normal MALDI experiment.  The background spectrum shows a clear 
polymer distribution occurring around the 2000Da range.  The spacing of the oligomers is 
approximately 58Da, which may correspond to a PPG series (figure 6-22).  The addition of an 
amount of lithium salt that would correspond to approximately a 2:1 [S]/[A] ratio addition to the 
PMMA 6800 analyte was performed.  As shown in figure 6-23, the intensity of the oligomer 
series decreases.  However, the oligomers are now lithium cationized instead of being sodium 
cationized (figure 6-24).  The amount of polymer contaminant present is not known, but is 
believed to be in low abundance.  However, the presence of this other polymer series could 
explain the difficulty with the lithium titration of PMMA in the presence of the DCTB matrix.  If 
this contaminant has a higher affinity for the lithium cation, then there will be preferential 
cationization of the unknown polymer over the PMMA until the unknown is completely 
cationized.  Discussion of the further investigation of this matrix is found in chapter 8.   
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Figure 6-21.  Background spectrum of the DCTB matrix at high laser fluence, demonstrating the 
presence of a polymer contaminant. 
 
 
 
 
Figure 6-22.  This is an expansion of the previous spectrum demonstrating the repeat unit of 58 
Da, which corresponds to that of PPG. 
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Figure 6-23.   A spectrum of the DCTB matrix with the addition of approximately 2 picomoles of 
LiTFA, taken at similar conditions to the DCTB only spectrum. 
 
 
 
 
Figure 6-24.  This is an expansion of the previous spectrum showing the presence of the lithium 
cationized PPG oligomers. 
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PMMA analyte difficulties 
 
Obtaining a good PMMA sample for analysis proved to be challenging.  Three different 
PMMA samples were initially analyzed in order to ensure they were of good quality and 
exhibited a narrow molecular weight distribution.  None of the three samples were without some 
form of problem.  A PMMA 6000 sample obtained from Polymer Source, Inc. (Dorval, Quebec, 
Canada) contained peaks of a common side reaction known as back-biting.19   The mechanism 
and final product of the back-biting process are shown in figure 6-25 and figure 6-26, 
respectively.  This mechanism involves the radical end of the carbon chain attacking a carbonyl 
group within the chain causing a six member ring to form and terminating the polymerization 
process.  Back-biting is a well known side reaction that may occur when synthesizing lower 
molecular weight PMMAs and has been previously observed by MALDI analysis.20  As shown in 
figure 6-27, the back-biting product will overlap with a large portion of the linear PMMA 
oligomer series.  This second series can be clearly seen in figure 6-28, which shows a second 
series occurring in the lower mass range.  The problem with the presence of the second series is 
that not all of the initial alkali can be removed from the sample mixture; therefore the back-biting 
series could be ionized with either a sodium or potassium cation that will have a mass close in the 
mass range of the actual series of interest.  This sample was not used because of the strong 
possibility that the back-biting product would interfere with the quantitative results.   
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Figure 6-25.  Displayed is the mechanism of the backbiting process of the PMMA polymer.  The 
radical endgroup will attack the carbonyl and force off a loss of CH3O-. 
 
 
 
 
Figure 6-26.  The resultant product of backbiting termination of the PMMA polymer. 
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Figure 6-27.  Mass spectrum of a PMMA 6000 analyte containing both the desired MW 
distribution as well as the side product of back-biting.   
 
 
 
 
Figure 6-28.  An expansion of the mass spectrum of a PMMA 6000 analyte containing both the 
desired MW distribution as well as the side product of back-biting.  This clearly demonstrates a 
second series present in the low mass region.   
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 A PMMA 6820 analyte was purchased from Polymer Laboratories (Shropshire, UK) and 
this second analyte was tested to see if the sample would be acceptable.  This sample had a 
different problem, in that it contained a very wide molecular weight distribution.  There was 
evidence of low mass tailing of the polymer distribution (figure 6-29).  Figure 6-30 clearly 
shows that this is just a low mass tail of the expected linear PMMA polymer and not a backbiting 
product as seen with the previous polymer.  This sample was not used because there may have 
been an ionization efficiency difference between the low molecular weight tail and the oligomers 
of interest.  It has been observed that polymers with wide distributions can exhibit a mass 
discrimination in which the lower molecular weight material will ionize more efficiently than the 
larger molecular weight material.21-23  Also, as we wish to study the MALDI process, a reason for 
using a higher molecular weight polymer is to avoid direct laser desorption of the polymer 
analyte.   
 
 
 
 
Figure 6-29.  Mass spectrum of a PMMA 6820 analyte containing a wide molecular weight 
distribution with low mass tailing. 
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Figure 6-30.  Mass spectrum of a PMMA 6820 analyte demonstrating the low mass tailing is still 
part of the main oligomer distribution, and is not a different series. 
 
 
 
 
 The third PMMA analyte, which was obtained from Polymer Source, Inc. (Dorval, 
Canada), was of a PMMA 6800.  Although this analyte did have some back-biting side-product 
present (figure 6-31), it was observed that the overlap of this side reaction was not as significant 
as with the PMMA 6000 sample.  This analyte was the one chosen for this study and was found to 
give results similar to those that were previously obtained by Hoteling with a PMMA 6300 
analyte.6   
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Figure 6-31.  Mass spectrum of a PMMA 6800 analyte containing both the desired MW 
distribution as well as the side product of back-biting.   
 
 
 
Sample vial contamination 
 
A major source of contamination was discovered during the initial studies performed.  
The type of sample vial was found to be of great importance for low level studies.  Initially small 
soft glass vials were utilized for mixing of the sample mixtures.  The atomic absorption 
spectroscopy (AAS) data demonstrated that the amount of sodium contribution was over 400 ppm  
to the sample mixture from the glass vials.  Since the goal of these experiments was to work at 
low concentrations of alkali, this contamination was unacceptable.  The other type of glass vials 
that were studied were borosilicate class A and B type glass.  The AAS data did not show 
significant amount of alkali contribution to the sample when these vials were pre-rinsed in a cell 
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washer to remove any surface contamination.  The need for further experimentation that should 
be performed on the effect of sample vials is discussed in chapter 8.   
 
Conclusions 
 
 
Four different matrices were investigated along with three different alkali salts in order to 
understand the effect of [S]/[A] mole ratio when analyzing a PMMA polymer.  It was found that 
no single matrix was suitable for use with all three alkalis.  Sodium was found to be the most 
reasonable overall with the different matrices.  All the matrices except dithranol demonstrated an 
ideal case titration with sodium where the analyte signal was found to be stable above a [S]/[A] 
mole ratio of approximately 1.  Lithium and potassium demonstrated differences with the various 
matrices.   
In the case of using potassium as a titrant, the only matrix that exhibited an ideal case was 
DHB.  Although CHCA does follow the trend of the ideal case, the signal does not reach a 
maximum until higher concentrations of potassium are added.  The DCTB matrix follows closely 
with the CHCA matrix in that the maximum is reached at higher potassium concentration, but at 
higher amounts of salt the signal is suppressed.  This suppression may be due to both the need for 
a higher matrix-to-analyte ratio or because of the deposition method.  The first "rising case", in 
which the signal continued to increase with the addition of more potassium was observed when 
performing the titration in the presence of the dithranol matrix.   
Lithium behaved similarly to potassium in that there were definite matrix differences 
observed.  DHB demonstrated a rising case, which differed from the results obtained for DHB 
with the other two alkalis.  The CHCA and dithranol matrices were found to be well suited for the 
lithium titrant, as they exhibited an ideal case similar to that of DHB with sodium.  The DCTB 
matrix was found to be greatly problematic, and although it followed a rising case scenario the 
addition of lithium did not cause the signal to increase until much higher concentrations of 
lithium were added.   
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Overall the results obtained for the different titrations demonstrate that the different 
matrices and their behavior with different alkalis need to be better understood to ensure complete 
ionization of the polymer analytes.  Understanding and using this information can help to bring 
one of the key factors for MALDI sample preparation under control and allow more quantitative 
information to be obtained during analysis. 
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CHAPTER 7:  EXPLORATION OF RUTHENIUM COMPLEX REACTIONS WITHIN 
THE MALDI TOFMS EXPERIMENT 
 
 
 
 
Introduction 
 
Inorganic complexes have been analyzed by mass spectrometry using a variety of 
ionization techniques, including fast atom bombardment1, electrospray ionization (ESI)2, and 
matrix-assisted laser desorption/ionization (MALDI).3  Wesdemiotis and co-workers recently 
compared ESI and MALDI in order to determine which is the better technique for the direct 
analysis of inorganic complexes4.  While MALDI time-of-flight mass spectrometry (TOFMS) is 
widely used for the analysis of biological and synthetic polymers, little work has appeared 
involving the direct study of inorganic complexes.4-7  However, inorganic complexes have been 
used as additives to aid in the MALDI process for some time.  Tanaka and coauthors initially 
employed a cobalt nanoparticle powder mixed in glycerol as a matrix for MALDI.8   Although 
Tanaka’s work did not involve the analysis of inorganic complexes, it did prompt others to 
attempt experiments with inorganic complexes and oxides.   Wilkins et al. have reviewed the 
attempts to use inorganics as MALDI matrices and state that there has been little success.9  Royo 
and Brintzinger have proposed using ruthenium complexes as a new form of cation to ionize 
polymers, such as polystyrene.10  Matsumoto and authors focused on studying the oxidation state 
of different inorganic species, which was not previously studied with other mass spectrometry 
techniques.11, 12  Most of the previous work focuses on the analysis of samples as well as 
identifying ideal matrices for different inorganic compounds.11-15  The focus of this work is to 
explore reactions occurring during the MALDI process and not just its use in the routine analysis 
of inorganic analytes.   
 Synthetic chemists usually undertake reactions at the bench and then seek confirmation of 
their synthetic progress through the application of analytical techniques.  The initial goal of this 
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work was to confirm the synthetic progress.  As MALDI is a soft ionization technique and does 
not commonly produce multiply charged ions as in electrospray ionization, it should prove to be a 
good analytical tool for the confirmation of synthetic products.  The desired ions produced would 
be that of the intact molecule either protonated, cationized, or exhibiting the loss of a counterion.  
However, the reaction process may not stop at the bench; interesting reactions other than the 
desired ionization reactions may also occur during the MALDI analysis steps.  This chapter 
explores the reactions that can occur in the MALDI experiment and how they may affect the 
results observed. In the best situation these results can lead to further understanding of the 
MALDI process. 
A reaction that is not commonly considered in the positive ion mode of MALDI is 
anionization.  Anionic species such as deprotonated acids like HSO4- are commonly added in 
negative mode ionization analysis.  The addition of an anionic species has been found important 
for the analysis of oligosaccharides in the negative ion mode.16, 17  Inorganic species are 
commonly cationic by nature and need counterions to balance their charge.  The effect of the 
counterion that is used in the synthesis can also affect the analysis through the appearance of 
different anionized species.   
This is not, however, the only contribution of anions to the sample mixture.  Common 
MALDI matrices that are used for biological samples have the ability to donate protons or have a 
low proton affinity; however, when these matrices lose their proton they become an anion, which 
can react with an inorganic analyte.  The matrix counterion may either replace the original 
complex counterions or possibly react with fragments of the intact molecule that are formed 
during the MALDI process. 
Previously it has been shown that polarity is of importance for sample preparation when 
mixing analytes and matrices, therefore four different matrices (DHB, CHCA, IAA, and DCTB) 
were included in this study in order to cover the full polarity range of known matrices.18  Figure 
7-1 shows the structures of the different matrices utilized for analysis.  Both DHB and CHCA are 
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relatively polar matrices while IAA and DCTB are fairly non-polar matrices.  The polarity 
difference of the matrix and analyte can affect the ability for the analyte to become dispersed 
within the matrix and create a homogeneous solid solution.   
 
 
 
 
Figure 7-1.  The four different matrices that are utilized for the analysis of the ruthenium 
containing inorganic complexes. 
 
 
 
 A number of techniques, including thermal calorimetry, photoelectron-photoion 
coincidence spectroscopy, and Fourier-transform ion cyclotron resonance mass spectrometry are 
commonly used for the measurement of binding energies.  The most common instrumentation 
used for these measurements is a thermal calorimeter.  This instrumentation was first used in the 
1950’s by Eyraud.19  The original design was modified to produce a more reliable instrument as 
described by Nicholson and Fulrath.20  Over the past few decades, work has been done on 
understanding the different binding energies and thermodynamic properties of inorganic 
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complexes through the use of this technique.21-23 There have also been some variations of the 
technique to obtain more information, such as the specific heat and thermal conductivity.24  In 
these experiments, a sample ranging from 10-500mg, dependent upon instrument design, is 
loaded into a stainless steel sample cell; a reference cell is loaded with an equivalent amount of 
alumina or other reference material.  Both cells are filled with argon and sealed.  The temperature 
is then raised at a rate of 0.2 ºC/min from ambient temperature to approximately 300 ºC.  The 
actual measurement is heat flow versus temperature.  From these data the thermodynamics of 
different analytes can be determined.   
Another technique that has been used for binding energy measurements is threshold 
photoelectron-photoion coincidence spectroscopy (PEPICO).25, 26  In the PEPICO experiment a 
“light” source, a laser or rare gas resonance lamp, are used to ionize a gas phase molecule.  This 
ionization produces both the ion and an electron, which are measured simultaneously.  In order to 
use this technique to obtain bond energies two pieces of information are obtained.  The first is the 
measurement of the fractional abundances of the precursor and the product ion.  This information 
is then plotted against the changes made in the photon energy to produce breakdown diagrams.  
The second is the ion dissociation rates as a function of the ion internal energy, is obtained by 
analyzing the asymmetric peak shapes.  Through this analysis information about the ion 
dissociation rates as a function of the ion internal energy is obtained.  Using Rice-Ramsperger-
Kassel-Marcus (RRKM) theory, which provides the ability to estimate unimolecular reaction 
rates from different characteristics obtained from a potential energy surface, the 0K appearance 
energies are estimated, and combining this information with the ionization energy of the molecule 
analyzed, the bond energies are derived.   
There have also been attempts to develop models for theoretically determining the bond 
energies for different transition metals.  Carter and Goddard have proposed a methodology for the 
prediction of certain bond strengths for several transition metals, however they state that their 
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process is mainly suitable for metal carbon bonding energies and should not be applied to other 
types of bonding.27  
It has been the goal of mass spectrometrists to be able to obtain bond strengths through 
measurement of bond dissociation energies.  Much of this work has been done utilizing Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR MS).28, 29  Beauchamp and 
coauthors developed a methodology for the determination of binding energies for metal-hydrogen 
and metal-carbon bonds.29  Several studies were done to look for trends in the periodic table and 
certain bond dissociation energies, but different techniques have shown that some of the trends 
may not be true for all individual metals.30  For example, if the periodic trends were correct, the 
prediction for the rhodium hydrogen bond strength would be considered to be small, however 
ICR studies have shown that this is actually a strong bond.31  Larsen and coworkers have used 
this methodology to report values for the n-donor bases for various metals using FT-ICR MS.32  
The work done with FT-ICR MS looking at binding energies is based on gas phase studies.33-35  
The method for calculating the binding energies of the ruthenium complexes through the analysis 
of MALDI data such as that presented here is not currently understood and is a focus of future 
work.   
 
Inorganic complex nomenclature 
 
The analysis was performed on the products of two steps in the bench top synthesis of 
these inorganic complexes.  Figure 7-2 shows the structure of three organic ligands used in the 
synthesis of the ruthenium dimer complexes.  Each of these ligands bind to the ruthenium in a 
tetradentate manner.  The second step of the bench top synthesis involved the use of the initial 
dimer complexes and the addition of a bidentate ligand to produce mono ruthenium complexes.  
Figure 7-3 shows the two different bidentate organic ligands that were used in the synthesis.  The 
 157
synthetic variation in ligands was done to investigate both the bench top reactions and the effect 
of what part they play in the reactions that may occur during the MALDI analysis procedure.  
 
 
 
 
Figure 7-2. The three ligands used to synthesize the dimer and hetero ruthenium complexes, A) 
2,2'-[1,2-phenylenebis(thioethane-2,1-diyl)]dipyridine (PPES), B) 2,2'-[methylenebis(thioethane-
2,1-diyl)]dipyridine (PDTO), and C),2'-[propane-1,3-diylbis(thioethane-2,1-diyl)]dipyridine 
(PDTN) 
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Figure 7-3.  The two ligands used for the synthesis of the hetero ruthenium complexes D)  2-(3,5-
diphenyl-1H-pyrazol-1-yl)pyridine (DPZP) and E) 1-methyl-2-pyridin-2-yl-1H-benzimidazole 
(MPBI) 
 
 
 
Ruthenium is the transition metal used in the synthesis of these complexes.  It is an 
interesting transition metal to study by mass spectrometry because of its rich isotope pattern.  
Ruthenium has seven different isotopes with five of the seven isotopes being over 10% naturally 
abundant; in addition, it is hexacoordinate in geometry.  This metal is very easily identifiable 
qualitatively by mass spectrometry; however, as the ion signal is spread over seven peaks, 
sensitivity issues could become important. 
To simplify the discussion of the analytes under study, a standard complex nomenclature 
is used.  These formulas will use the letter that corresponds to the different ligands seen in figures 
7-2 and 7-3.  For example, [(A-Ru<Cl2>Ru-A) + 2ClO4-] demonstrates the nomenclature used for 
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one of the Ru dimer complexes.  The letter A corresponds to the ligand shown in figure 7-2; the 
hyphen between the A and Ru signifies the ligand is directly bound to the ruthenium.  The <Cl2> 
is used to represent that these are bridging chlorides between the two ruthenium atoms.  The (A-
Ru<Cl2>Ru-A) corresponds to the central structure of the dimer cation; the square brackets [] 
enclose the entire molecule complex.  Since the counterions are present to balance the charge of 
the ruthenium, they are separated from the central molecule with a plus sign.   
The second set of complexes involves the hetero ligand complexes that are represented as 
[(B-Ru-D) + 2ClO4-].  Once again the central structure of the cation is represented (B-Ru-D) 
where D is a representative letter from figure 7-3, which displays the bidentate ligands.  Also 
similar to the dimer complexes, the entire molecule is enclosed within the [] and the counterions 
are separated from the central molecule by a plus sign to represent that they are there to balance 
the ruthenium charge.  Some other symbolism used in this chapter to represent products of the 
reactions observed in the mass spectra are: MAT which is a representation of one of the four 
MALDI matrices employed in these studies, Lx refers to one of the three ligands seen in figure 7-
2, and Ly refers to either of the ligands in figure 7-3.  Figure 7-4 displays an example of both the 
dimer complexes and the hetero ligand complexes.  The ruthenium is hexacoordinate and the 
symmetry of the molecule is octahedral.  The two different ligands that are neutrally attached and 
the ruthenium contains a +2 charge which is then balanced by the presence of the two 
counterions.  As seen in figure 7-4 the hetero ligand complexes contain a tetradentate ligand and 
a bidentate ligand.  
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Figure 7-4.  Displayed are examples of the two different types of complexes that are analyzed.  a) 
a dimer complex with bridging chlorides and b) a hetero ligand complex with both a tetradentate 
ligand and a bidentate ligand.  
 
 
 
This chapter covers both qualitative and quantitative information that was obtained 
through the study of different ruthenium-containing complexes.  The qualitative work described 
in this chapter is divided into three studies, including those of the dimer complexes, hetero ligand 
complexes, and counterion effects.  Both the dimer and hetero ligand complexes were measured 
with four different matrices to investigate matrix polarity effects.  Initial results showed that the 
dimer complexes were not stable and that the choice of matrix would greatly affect the 
information obtained.  A different matrix effect was found for the hetero ligand complexes.  This 
effect was found to be a counterion exchange reaction that occurred between the counterion from 
the synthesis and the anion of the matrix.  Since the counterion plays a role in the analysis of 
these samples, an investigation into varying the counterion was performed.  Two different 
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syntheses were done with counterions of percholrate (ClO4) and hexafluorophosphorous (PF6); a 
third counterion was introduced via the MALDI sample preparation with the addition of 
trifluoroacetic acid (HTFA).  Additionally work attempted to move beyond the qualitative 
analysis of inorganic complexes and to obtain quantitative information as well.  Although 
quantitative bond energies are not measured as part of this study, relative information was 
obtained.  Specifically, this work will provide information on the binding differences of the 
different MALDI matrices with some of the ruthenium complexes studied.   
 
Results and Discussion 
 
Qualitative analysis of ruthenium dimer complexes 
 
The goal of the first step in the bench top reactions was to produce a ruthenium dimer 
with matching ligand attachments.  The three dimers studied were [A-Ru<Cl2>Ru-A], [B-
Ru<Cl2>Ru-B], [C-Ru<Cl2>Ru-C].  It is believed that these syntheses were successful from other 
analytical information obtained from these samples as explained in chapter 2.  Preliminary 
MALDI MS analysis of these samples demonstrated the need for a gentler matrix that would be 
able to maintain the non-covalent bonding of the dimer complexes. 
Figure 7-5 shows the four different reactions that were observed in the measured mass 
spectra of the dimer analytes.  The reactions did not occur with all matrices and the exact masses 
obtained were matrix dependent.  It is important to note that figure 7-5 is used to display a 
stoichiometric balance and also to aid in the explanation of what ions are observed; the reaction 
as written does not imply the actual mechanism.  It is also important to note that this chapter does 
not explore if the reactions are occurring in the solution phase or the gas phase, the study of the 
gas phase interactions is discussed in detail in chapter 5.   
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Figure 7-5.  The common reactions that occur when analyzing the ruthenium dimer complexes.  
Rxn I results in the dimer splitting into two with loss of the counterion.  In Rxn II the dimer also 
split into two, but instead of retaining a chloride, attachment of a deprotonated matrix occurs.  In 
Rxn III, a neutral matrix molecule binds to half of the dimer.  Rxn IV results in observation of the 
intact dimer with the loss of a single counterion. 
 
 
 
The actual mass data obtained were not simple in their interpretation but proved to 
contain an abundant amount of information on how the complexes interacted with the different 
matrices.  Figures 7-6 through 7-9 show the mass spectra obtained when analyzing the dimer 
complex [(A-Ru<Cl2>Ru-A) + 2ClO4-] with different matrices.  These mass spectra are 
representative of the results of all three homoligand dimers.  As shown in figure 7-6 through 
figure 7-9, there are multiple ruthenium containing products observed in each of the mass 
spectra.  The ions that are observed in the mass spectrum (and hence the reactions that are 
occurring) depend upon which matrix is used.  There is also the presence of peaks that are 16Da 
higher than the some of the known ions.  These peaks may be due to the addition of oxygen or 
possibly NH2.  The identity of these peaks is not completely known. Three of the matrices (DHB, 
CHCA and IAA) produce similar results, while the fourth (DCTB) matrix produces different 
results. 
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Figure 7-6.  The mass spectrum obtained for [(A-Ru<Cl2>Ru-A) + 2ClO4-] when using DHB 
matrix.  The peaks shown are the different ions that are formed during the MALDI process.  The 
peaks with an * are believed to be an addition of 16Da. 
 
 
 
 
Figure 7-7.  The mass spectrum obtained for [(A-Ru<Cl2>Ru-A) + 2ClO4-] when analyzing with 
the CHCA matrix.  The peaks shown are the different ions that are formed during the MALDI 
process.  The peaks with an * are believed to be an addition of 16Da. 
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Figure 7-8. The mass spectrum obtained for [(A-Ru<Cl2>Ru-A) + 2ClO4-] when analyzing with 
the IAA matrix.  The peaks shown are the different ions that are formed during the MALDI 
process.  The peaks with an * are believed to be an addition of 16Da. 
 
 
 
 
Figure 7-9.  The mass spectrum obtained for [(A-Ru<Cl2>Ru-A) + 2ClO4-] when analyzed with 
the DCTB matrix.  The peaks with an * are believed to be an addition of 16Da. 
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Figure 7-10 displays the result of reaction I, which is observed no matter what matrix is 
used.  Reaction I is when the dimer complex has symmetrically split into two parts and no longer 
contains any counterions.  Reaction I is also observed when both [(B-Ru<Cl2>Ru-B) + 2ClO4] 
and [(C-Ru<Cl2>Ru-C) + 2ClO4] are analyzed as well.  Although the presence of reaction I 
occurs with all of the matrices, the use of the DCTB matrix shows wider peaks for the reaction I 
ion compared to the other matrices.  The results shown in Figure 7-11 are the result of reaction II, 
which occurs when mixing DHB, CHCA, or IAA as matrices with the complex [(A-Ru<Cl2>Ru-
A) + 2ClO4].  The result is the product [A-Ru + (Mat-H)]+ , where the dimer has fallen apart and a 
single molecule of the matrix has anionically attached to the complex.  These matrix substitution 
reactions are similar to those found in previous work.15  However, when DCTB is used as the 
matrix, the intact dimer is observed with a loss of a single counterion, (reaction IV), as shown in 
figure 7-12.  Although the intact dimer is observed with the DCTB matrix, as shown in figure 7-
13 there is another reaction that occurs.  In reaction III the dimer is found to split in a different 
manner, where exactly half of the dimer is observed with the attachment of a neutral DCTB 
molecule.  These results were found to occur in each of the other homoligand dimers as well.   
 
 
 166
 
Figure 7-10.  These mass spectra show the presence of Rxn I when analyzing with all the 
different matrices. 
 
 
 
 
A B
C D
Figure 7-11.  The mass spectra display the region in which the product of reaction II [A-Ru + 
(Mat-H)]+ is expected to occur using the matrices: A) DHB, B) CHCA, C) IAA, D) DCTB.   
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Figure 7-12.  Displayed is the product [(A-Ru<Cl2>Ru-A) + ClO4-]+, which is the desired result.  
This ion is only observed when analyzing with the DCTB matrix. 
 
 
 
 
Figure 7-13.  The mass spectral region displayed shows the product of [A-Ru-Cl + Mat]+; this 
product only occurs during the analysis with the DCTB matrix 
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Reproducibility for analysis of ruthenium dimer complexes 
 
In order to obtain quantitative results, the variability in the peak areas in the measured 
mass spectra must be understood.  As explained in chapter 2, all of the experiments performed for 
the analysis of the inorganic complexes were accomplished using the dry drop method, which 
leads to higher variability than other methods of sample preparation such as ESD.  One set of 
complexes were used as a representative sample, as it is expected that the error will be similar 
with the other complexes.  The complex of choice was [(A-Ru<Cl2>Ru-A) + 2ClO4-] for the 
dimer analysis.  Table 7-1 shows the average absolute peak areas of the four different reactions, 
as well as the variability between measurements.  As seen in table 7-2, the variability of the ratio 
between reactions that are calculated for the analyte [(A-Ru<Cl2>Ru-A) + 2ClO4-] depends on the 
matrix used.  Table 7-3 displays the average ratio and the variability obtained when analyzing 
[(A-Ru<Cl2>Ru-A) + 2ClO4-] with the DCTB matrix.  All of the results obtained for the 
reproducibility studies were collected from seven different mass spectra measured on a single 
sample spot.   
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Table 7-1.   Measured average absolute peak areas of the dimer complexes and their variability 
for all of the different reactions observed with the different matrices.   
 
Reproducibility of 
[A-Ru<Cl2>Ru-A + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn I %CV 
DHB 30300 41.4 
CHCA 202000 17.8 
IAA 71000 26.2 
DCTB 207000 19.8 
   
Reproducibility of 
[A-Ru<Cl2>Ru-A + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn II %CV 
DHB 156800 19.8 
CHCA 190100 10.4 
IAA 216500 19.5 
   
Reproducibility of 
[A-Ru<Cl2>Ru-A + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn III %CV 
DCTB 11900 62.8 
   
Reproducibility of 
[A-Ru<Cl2>Ru-A + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn IV %CV 
DCTB 58200 47.2 
 
 
 
Table 7-2.  The numbers displayed show the average of seven mass spectral ratios of the absolute 
areas between reactions I and II as observed with three matrices.  The numbers also show the 
relative error that occurs when analyzing with the different matrices.  
 
  
Reproducibility of  
[A-Ru<Cl2>Ru-A + 2ClO4-]   
Matrix Average Ratio Of Rxn II/Rxn I %CV 
DHB 5.9 37.1 
CHCA 1.0 8.7 
IAA 3.1 18.3 
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Table 7-3.  The variability of the ratio of reactions that only occur for the analysis performed 
with the DCTB matrix. 
 
  Reproducibility of [A-Ru<Cl2>Ru-A + 2ClO4-] 
Matrix 
Average Ratio Of 
 Rxn III/Rxn I %CV
Average Ratio Of  
Rxn IV/Rxn I %CV
DCTB 0.1 32.8 0.3 22.4 
 
 
 
Quantitative analysis of ruthenium dimer complexes 
 
The absolute areas of the mass spectral peaks representing each of the reactions were 
measured, as comparison of the different reactions that occur gives insight to the relative binding 
strengths of a chloride compared to the matrix molecule.  Table 7-4 displays the relative 
intensities of the product ions observed for both reaction I and reaction II. Note that the DCTB 
matrix is not included in this table because reaction II does not occur with the DCTB matrix.  The 
ratios vary amongst the different dimers, as well as with the different matrices.   In all cases it is 
observed that DHB seems to be the strongest binding matrix because it shows a higher ratio of 
reaction II occurring, with the exception of the [A-Ru<Cl2>Ru-A + 2PF6-] product, where the 
ratios of DHB and IAA are very similar.  The IAA matrix and CHCA matrix share a similar 
relative binding with a few exceptions of IAA being slightly stronger than CHCA.  The values 
shown in table 7-5 represent the ions observed for the analysis of all of the dimer complexes with 
the DCTB matrix; the data show that the relative abundance of either reaction IV or reaction III is 
much lower than that of reaction I.  The comparison of this result with the values obtained for the 
other matrices and their respective reactions shows that the DCTB matrix has the weakest binding 
strength.  The desired product is found to not be favored over reaction I except for the analysis of 
[B-Ru<Cl2>Ru-B + 2ClO4-] in which the desired product (reaction IV) occurs in greater 
abundance than reaction I. 
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Table 7-4.  The absolute peak areas that are obtained for the different reactions observed when 
analyzing the dimer complexes.  This table also shows the relationship of abundance between 
reactions I and II. 
 
   Absolute Peak Areas 
DHB Matrix   Rxn I Rxn II 
Ratio of  
Rxn II/Rxn I 
[A-Ru<Cl2>Ru-A + 2ClO4-] 12600 110700 8.8 
[B-Ru<Cl2>Ru-B + 2ClO4-] 50900 534900 10.5 
[C-Ru<Cl2>Ru-C + 2ClO4-] 97300 490300 5.0 
[A-Ru<Cl2>Ru-A + 2PF6-] 13500 128300 9.5 
[B-Ru<Cl2>Ru-B + 2PF6-] 9800 54900 5.6 
[C-Ru<Cl2>Ru-C + 2PF6-] 486100 950400 2.0 
      
CHCA Matrix         
[A-Ru<Cl2>Ru-A + 2ClO4-] 145900 205200 1.4 
[B-Ru<Cl2>Ru-B + 2ClO4-] 23500 41400 1.8 
[C-Ru<Cl2>Ru-C + 2ClO4-] 114300 164300 1.4 
[A-Ru<Cl2>Ru-A + 2PF6-] 103900 149700 1.4 
[B-Ru<Cl2>Ru-B + 2PF6-] 15600 44700 2.9 
[C-Ru<Cl2>Ru-C + 2PF6-] 149600 140200 0.9 
      
IAA Matrix         
[A-Ru<Cl2>Ru-A + 2ClO4-] 281800 640400 2.3 
[B-Ru<Cl2>Ru-B + 2ClO4-] 14400 51000 3.6 
[C-Ru<Cl2>Ru-C + 2ClO4-] 131300 211300 1.6 
[A-Ru<Cl2>Ru-A + 2PF6-] 107800 298600 2.8 
[B-Ru<Cl2>Ru-B + 2PF6-] 93700 298800 3.2 
[C-Ru<Cl2>Ru-C + 2PF6-] 69500 132300 1.9 
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Table 7-5.   Measured absolute peak areas of reactions that occur for the dimer complexes when 
analyzed with the DCTB matrix. 
 
   Absolute Peak Areas   
DCTB      Rxn I Rxn III Rxn IV 
Ratio of 
Rxn III/Rxn I 
Ratio of 
Rxn IV/Rxn I 
[A-Ru<Cl2>Ru-A + 2ClO4-] 220200 11200 37200 0.1 0.2 
[B-Ru<Cl2>Ru-B + 2ClO4-] 8500 1900 47200 0.2 5.6 
[C-Ru<Cl2>Ru-C + 2ClO4-] 228900 27300 39600 0.1 0.2 
[A-Ru<Cl2>Ru-A + 2PF6-] 72500 4600 4100 0.1 0.1 
[B-Ru<Cl2>Ru-B + 2PF6-] 14400 2200 9500 0.2 0.7 
[C-Ru<Cl2>Ru-C + 2PF6-] 35700 6300 13100 0.2 0.4 
 
 
 
Qualitative analysis of hetero ligand complexes 
 
The second step in the synthesis process entails the use of the previous dimers as a 
reactant to form products that consist of a single ruthenium complex with two different ligands.  
The dimer complexes were previously found not to be stable when analyzed using certain 
matrices.  In order to compare the stability of the different hetero ligand complexes from their 
dimer counterparts, the same four matrices were utilized in the analysis of the hetero ligand 
complexes.  The hetero ligand complexes are synthesized with one of the ligands from figure 7-1, 
while the other ligand is one of the two from figure 7-2.  The different complexes that were 
analyzed were (A-Ru-D), (A-Ru-E), (B-Ru-D), (B-Ru-E), (C-Ru-D), and (C-Ru-E).   
There was no attachment of the matrix counterions to the intact dimer observed for the 
three matrices that cleaved the dimer apart.  However, the analysis of the hetero ligand complexes 
proved to be different.  It was found that the complex stays intact unlike the dimer.  The reactions 
that are observed for these complexes are shown as reactions V-VII in figure 7-14.  The simplest 
reaction, and possibly the most desired for analysis of these complexes, is reaction V, in which 
only the loss of one counterion is observed.  Reaction VI is a matrix-dependent reaction because 
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it is the replacement of the original counterion with one matrix anion.  This reaction is observed 
for all matrices except the DCTB matrix.   
 
 
 
 
Figure 7-14.  This shows the general formulas for the different products that are observed when 
analyzing the hetero ligand complexes. 
 
 
 
 Figures 7-15 through 7-18 show the mass spectra that are observed for the hetero ligand 
complex [B-Ru-D + 2ClO4-] obtained with the different MALDI matrices.  Note that each matrix 
will cause a mass shift because of the variation in the anion that is present.  Since this peak is the 
most intense in the spectra, this would greatly affect the analysis of these samples.   
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Figure 7-15.  This is a mass spectrum for the complex [B-Ru-D + 2ClO4-] using the DHB matrix.  
*This may be due to unreacted dimer or other contaminants. 
 
 
 
 
Figure 7-16.  This is a mass spectrum for the complex [B-Ru-D + 2ClO4-] using the CHCA 
matrix. * These peaks are possible unreacted dimer or other possible contaminants. 
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Figure 7-17.   This is a mass spectrum for the complex [B-Ru-D + 2ClO4-] using the IAA matrix.  
* These peaks are possible unreacted dimer or other possible contaminants, M represents a 
possible meta-stable peak occurring. 
 
 
 
 
Figure 7-18.  This is a mass spectrum for the complex [B-Ru-D + 2ClO4-] using the DCTB 
matrix.   
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Further analysis of each spectrum shows other peaks that are observed.  Some of the 
other products observed with the different matrices are the presence of [B-Ru]+, [B-Ru-D]+, and 
[B-Ru-D + Cl-]+.  The [B-Ru]+ is believed to be due to the synthetic process that involves the use 
of the dimer complexes reacted with the bidentate ligands, which are not initially bound to a 
ruthenium.  Since the formation of the [B-Ru]+ occurs during synthesis and not the MALDI 
process, then the lack of the [Ru-D] peak at 400 Da is explained.  It is also observed that when 
analyzing with either CHCA or IAA matrix, the product [B-Ru + (Mat – H)]+ is present.   There 
are also peaks that are not identifiable because the resolution and signal to noise was not 
sufficient for an accurate determination.  These peaks may be due to unreacted starting material 
left over from the synthesis or possible other contaminants present in the synthesized compounds. 
The analysis of the expected product [B-Ru-E + 2ClO4-] produced similar qualitative 
results to the previous analysis.  The resultant mass spectra are displayed in figures 7-19 through 
7-22.  There were two ions, one at 509 and the other at 587 Da, that occur with the use of DHB, 
CHCA, and IAA matrices, but do not occur when analyzing with DCTB.  These two ions were 
not determinable products, but appear to be present because of the MALDI process. 
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Figure 7-19.   This is a mass spectrum for the complex [B-Ru-E + 2ClO4-] using the DHB matrix.  
*This may be due to unreacted dimer or other contaminants. 
 
 
 
 
Figure 7-20.  This is a mass spectrum for the complex [B-Ru-E + 2ClO4-] using the CHCA 
matrix.  *This may be due to unreacted dimer or other contaminants. 
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Figure 7-21.  This is a mass spectrum for the complex [B-Ru-E + 2ClO4-] using the IAA matrix.  
*This may be due to unreacted dimer or other contaminants. 
 
 
 
 
Figure 7-22.  This is a mass spectrum for the complex [B-Ru-E + 2ClO4-] using the DCTB 
matrix.  *This may be due to unreacted dimer or other contaminants; M represents a possible 
meta-stable peak occurring. 
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Reproducibility for hetero ligand complexes 
 
Similar to the analysis of the dimer complexes, the reproducibility of the hetero ligand 
analysis was also measured.  The representative analytes that were chosen for the hetero ligand 
analysis were [A-Ru-D + 2ClO4-] and [A-Ru-E + 2ClO4-].  As with the dimer complexes, each of 
these analytes is a representative sample that should demonstrate the reproducibility for all the 
samples that were analyzed for quantitative purposes.  Table 7-6 and table 7-7 show the average 
absolute peak area measurements and variability for the different reactions that were observed for 
the hetero ligand complex.  Table 7-8 displays the relative error that is obtained when analyzing 
the [A-Ru-D + 2ClO4-] analyte.  The errors for both CHCA and IAA prove to be very small, 
whereas the variability of the DHB matrix is higher but still reasonable for the dry drop method.  
The variability for the DCTB matrix, as shown in table 7-9, is significantly higher than the other 
matrices when observing the difference between reaction V and VII.  This high variability is due 
to the low level of abundance of the products of reaction VII.   
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Table 7-6.  The average absolute peak area and variability for the measurements of the different 
reactions that occur with the analysis of the [A-Ru-D + 2ClO4-] complexes with the different 
matrices. 
 
 Reproducibility of [(A-Ru-D) + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn V %CV 
DHB 5400 52.9 
CHCA 42600 26.3 
IAA 41900 13.5 
DCTB 200200 64.2 
   
Reproducibility of [(A-Ru-D) + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn VI %CV 
DHB 62100 38.1 
CHCA 83600 22.6 
IAA 74700 11.6 
   
Reproducibility of [(A-Ru-D) + 2ClO4-] 
Matrix Average Absolute Peak Area Rxn VII %CV 
DCTB 5900 51.2 
 
 
 
 
Table 7-7. The average absolute peak area and variability for the measurements of the different 
reactions that occur with the analysis of the [A-Ru-E + 2ClO4-] complexes with the different 
matrices. 
 
 Reproducibility of [(A-Ru-E) + 2 ClO4-] 
Matrix Average Absolute Peak Area Rxn V %CV 
DHB 2100 30.5 
CHCA 5800 18.5 
IAA 33000 20.0 
DCTB 95500 53.3 
   
 Reproducibility of [(A-Ru-E) + 2 ClO4-] 
Matrix Average Absolute Peak Area Rxn VI %CV 
DHB 45200 17.5 
CHCA 34000 24.9 
IAA 169800 8.4 
   
 Reproducibility of [(A-Ru-E) + 2 ClO4-] 
Matrix Average Absolute Peak Area Rxn VII %CV 
DCTB 2200 39.0 
 181
Table 7-8.  The numbers displayed show the average of seven mass spectral ratios of the absolute 
areas between reaction V and VI as observed with three matrices.  The numbers also show the 
relative error that occurs when analyzing with the different matrices. 
 
  Reproducibility of [(A-Ru-D) + 2ClO4-]   
Matrix Average Ratio Of Rxn VI/Rxn V %CV 
DHB 12.3 20.2 
CHCA 2.0 8.5 
IAA 1.8 5.4 
 
 
 
Table 7-9. Variability of the ratio of reactions V and VII, which only occurs for the analysis 
performed with the DCTB matrix. 
 
 
Reproducibility of [(A-Ru-D) + 2ClO4-] 
Matrix Average Ratio Of Rxn VII/Rxn V %CV 
DCTB 0.04 36.2 
 
 
 
 The analysis of the complex [A-Ru-E + 2ClO4-] and comparison of the ratio of reactions 
V and VI proved to have higher variability (table 7-10).  The higher variability is due to the 
lower abundance of the products of reaction V observed with the different matrices.  The 
difference in abundance of the products demonstrates the stability of the ions being formed.  
Since there was lower abundance of reaction V, then the stability of this product will also be 
lower.  Table 7-11 shows the variability when analyzing with the DCTB matrix is no different for 
this hetero ligand complex as compared to the previous one.  The variability observed with the 
analysis of these two hetero ligand complexes gives a better understanding to the variability of all 
other compounds.  The trend with the reactions is that the variability will be higher as the 
difference between the two reactions is much larger. 
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Table 7-10. The numbers displayed show the average of seven mass spectral ratios of the 
absolute areas between reaction V and VI as observed with three matrices.  The numbers also 
show the relative error that occurs when analyzing with the different matrices. 
 
 
Reproducibility of [(A-Ru-E) + 2ClO4-] 
Matrix 
Average Ratio Of  
Rxn VI/Rxn V %CV 
DHB 23.0 29.2 
CHCA 5.9 16.2 
IAA 5.3 14.7 
 
 
 
Table 7-11.  Variability of the ratio of reaction V and VII, which only occurs for the analysis 
performed with the DCTB matrix. 
 
 
Reproducibility of [(A-Ru-E) + 2ClO4-] 
Matrix Average Ratio Of Rxn VII/Rxn V %CV 
DCTB 0.03 36.2 
 
 
 
Quantitative analysis of ruthenium dimer complexes 
 
The results shown in table 7-12 give an indication of the counterion preference between 
ClO4- and the matrix anion.  When comparing the ratio of reactions V and VI, it is observed that 
for the [A-Ru-D + 2ClO4-] complex, the order of preference is the CHCA anion being the 
strongest and the IAA anion being the weakest counterion compared to the ClO4-.  The other two 
products have a different preference, where the DHB anion has a higher affinity than the CHCA, 
while the IAA anion is still the weakest counterion compared to ClO4-. 
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Table 7-12.  Measured absolute peak areas of the reactions observed for the one set of hetero 
ligand analytes when analyzing with the three different matrices: DHB, CHCA, and IAA.   
 
  
Absolute Peak 
Areas  
DHB   Rxn V Rxn VI Ratio of Rxn VI/ Rxn V 
[A-Ru-D + 2ClO4-] 3800 44000 11.5 
[B-Ru-D + 2ClO4-] 4300 52900 12.3 
[C-Ru-D + 2ClO4-] 7000 35500 5.1 
CHCA         
[A-Ru-D + 2ClO4-] 11200 38700 3.4 
[B-Ru-D + 2ClO4-] 17000 47600 2.8 
[C-Ru-D + 2ClO4-] 3300 38600 11.7 
IAA         
[A-Ru-D + 2ClO4-] 69100 64000 0.9 
[B-Ru-D + 2ClO4-] 59800 79000 1.3 
[C-Ru-D + 2ClO4-] 16200 32100 2 
 
 
 
 When analyzing the samples with DCTB as the matrix, once again the results obtained 
differ from the other three matrices.  For DCTB, the reaction V product shows up with strong 
intensity in all of the spectra.  Even though this reaction is more clearly observed with DCTB, 
reaction VII, in which a neutral molecule of the matrix is attached to the product of reaction V, 
also occurs.  Table 7-13 shows that the relative abundance of the ion from reaction V is much 
higher than that of reaction VII.  These results also demonstrate that the binding of the DCTB is 
much weaker than any of the other matrices compared to the ClO4- counterion.  This large 
difference in abundance can help to avoid confusion when using MALDI MS data to confirm that 
the synthetic reactions were successful.   
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Table 7-13.  Measured absolute peak areas and comparison of reaction V and reaction VII when 
analyzing one set of hetereo ligand complexes with the DCTB matrix. 
 
  Absolute Peak Areas 
DCTB   Rxn V Rxn VII 
Ratio of  
Rxn VII/Rxn V 
[A-Ru-D + 2ClO4-] 129700 5300 0.04 
[B-Ru-D + 2ClO4-] 114100 4400 0.04 
[C-Ru-D + 2ClO4-] 310300 11700 0.04 
 
 
 
 Table 7-14 shows the results of the quantitative analysis of the MS reaction products of 
the [Lx-Ru-E + 2ClO4-] complex.  The data shown in this table present a similar result to that of 
the other hetereo ligands [Lx-Ru-D + 2ClO4-] in that the IAA anion proved to be the weakest 
counterion when compared with both DHB and CHCA.  There were two differences where DHB 
was the strongest counterion: for the [A-Ru-E + 2ClO4-] analyte and the [B-Ru-E + 2ClO4-] 
analyte. Here both DHB and CHCA demonstrate similar binding strength as counterions.  Once 
again, as seen previously, the DCTB matrix proves to be the weakest matrix for any form of 
counterion exchange as shown in table 7-15 where a comparison of the peak areas for the 
products of reaction V and reaction VII shows that the product of reaction V is more readily 
observed.   
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Table 7-14.  Measured absolute peak areas of a series of hetero ligand complexes when analyzing 
with the three different matrices: DHB, CHCA, and IAA.   
 
  Absolute Peak Areas 
DHB   Rxn V Rxn VI 
Ratio of Rxn VI/Rxn 
V 
[A-Ru-E + 2ClO4-] 6800 141300 20.7 
[B-Ru-E + 2ClO4-] 13100 137700 10.5 
[C-Ru-E + 2ClO4-] 11000 140300 12.7 
CHCA         
[A-Ru-E + 2ClO4-] 30800 335500 10.9 
[B-Ru-E + 2ClO4-] 40500 169600 4.2 
[C-Ru-E + 2ClO4-] 5800 21500 3.7 
IAA         
[A-Ru-E + 2ClO4-] 3600 15200 4.2 
[B-Ru-E + 2ClO4-] 21300 50400 2.4 
[C-Ru-E + 2ClO4-] 44800 53100 1.2 
 
 
 
Table 7-15.  Measure absolute peak areas of the reactions observed with the [Lx-Ru-D + 2ClO4-] 
analyte analyzed with the DCTB matrix 
 
  Absolute Peak Areas 
DCTB   Rxn V Rxn VII 
Ratio of  
Rxn VII/Rxn 
V 
[A-Ru-E + 2ClO4-] 277900 8500 0.03 
[B-Ru-E + 2ClO4-] 143200 5700 0.04 
[C-Ru-E + 2ClO4-] 175300 7800 0.04 
 
 
 
Variation of counterion 
 
In order to investigate the role of the counterion in the MALDI process, two different 
counterions, perchlorate (ClO4-) and hexafluorophosphate (PF6-), were used in the preparation of 
both the dimer and hetero ligand complexes.  There are subtle differences when working with 
these different counterions.  The products of reaction V are not observed in the analysis of any of 
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the [Ly-Ru-Lx + 2PF6] complexes with three out of the four MALDI matrices.  It appears that the 
exchange of the anion PF6- for a matrix anion is greatly favored.  This result of no product 
containing the original counterion can be looked upon as both beneficial and also detrimental.  As 
only one reaction occurs it is easier to determine the true product of the synthetic reaction; 
however, the original counterion information cannot be obtained.  The one matrix that shows a 
peak that retains the PF6- counterion is DCTB. Further, the product of reaction VI is not observed 
with the PF6- containing complexes as it is with the ClO4- counterion complexes. 
Trifluoroacetic acid (HTFA) was also utilized in the sample preparation for MALDI 
analysis because it is a common additive used for the analysis of biomolecules.36, 37  Note that 
HTFA was never used in the actual synthetic process.  To investigate its effect, HTFA was added 
to all of the (Ly-Ru<Cl2>Ru-Ly) complexes but only the (A-Ru-Lx) heteroligand complexes.  
Figure 7-23 shows the different reactions that were observed to occur when analyzing either (Ly-
Ru<Cl2>Ru-Ly)+2 or (A-Ru-Lx)+2.   
 
 
 
 
Figure 7-23.  The different reactions observed with the addition of trifluoroacetic acid (HTFA) 
into the sample mixture.  Rxn VIII is observed with the dimer complexes while Rxn IX occurs 
with the hetero ligand complexes. 
 
 
 
The analysis of the dimer complexes was performed only with the DCTB matrix, because 
it was the only one that showed any presence of the original counterion.  Reaction VIII, a 
counterion exchange of the original counterion for the TFA anion, was observed when HTFA was 
added to the mixture.  The measured absolute peak areas for the different reaction products are 
found in table 7-16.  As shown in table 7-17, in all but two cases, reaction VIII had a lower 
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abundance of occurrence than any of the other reaction products.  The comparison of reaction IV 
and reaction VIII showed that reaction IV was observed with higher abundance when ClO4 was 
the initial counterion; when PF6 was the counterion, the signals were close to equal in intensity.  
This result shows that the dimer complexes may have more of a preference for one counterion 
over another.   
 
 
 
Table 7-16.  Measured absolute peak areas of all reactions when analyzing [Lx-Ru<Cl2>Ru-Lx + 
2ClO4-] in with DCTB matrix and addition of HTFA. 
 
  Analytes   Rxn I Rxn III Rxn IV Rxn VIII 
[A-Ru<Cl2>Ru-A + 2ClO4-] 201600 20800 17100 7400 
[B-Ru<Cl2>Ru-B + 2ClO4-] 37000 8700 36400 21900 
[C-Ru<Cl2>Ru-C + 2ClO4-] 658800 81800 116500 52000 
[A-Ru<Cl2>Ru-A + 2PF6-] 17400 13900 6200 5000 
[B-Ru<Cl2>Ru-B + 2PF6-] 40000 9700 8700 9200 
[C-Ru<Cl2>Ru-C + 2PF6-] 359000 45200 19200 16500 
 
 
 
Table 7-17.  Comparison of reaction VIII to the other reactions seen in the analysis of [Lx-
Ru<Cl2>Ru-Lx + 2ClO4-] complexes with DCTB as a matrix and the addition of HTFA. 
 
  Analytes   
Ratio of  
Rxn VIII/Rxn I 
Ratio of  
Rxn VIII/Rxn III 
Ratio of  
Rxn VIII/Rxn IV 
[A-Ru<Cl2>Ru-A + 2ClO4-] 0.04 0.4 0.4 
[B-Ru<Cl2>Ru-B + 2ClO4-] 0.6 2.5 0.6 
[C-Ru<Cl2>Ru-C + 2ClO4-] 0.1 0.6 0.4 
[A-Ru<Cl2>Ru-A + 2PF6-] 0.03 0.4 0.8 
[B-Ru<Cl2>Ru-B + 2PF6-] 0.2 0.9 1.1 
[C-Ru<Cl2>Ru-C + 2PF6-] 0.05 0.4 0.9 
 
 
 
 
The analysis of both the hetero ligand complexes with DCTB matrix led to two reactions 
being observed: reaction V, as previously seen, and reaction IX, where the counterion is 
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exchanged for the TFA anion.  The comparison of the two reactions for both of the hetero ligand 
complexes [C-Ru-D + 2ClO4-] and [C-Ru-E + 2ClO4-] as seen in table7-18 shows a ratio close to 
1.0.   
 
 
 
Table 7-18.  Measured absolute areas of initial counterion versus the addition of new TFA 
counterion for both [C-Ru-D + 2ClO4-] and [C-Ru-E + 2ClO4-] complexes.   
 
DCTB   Rxn V Rxn IX 
Ratio of  
Rxn IX/Rxn V 
[C-Ru-D + 2ClO4-] 31900 30000 0.9 
[C-Ru-E + 2ClO4-] 30000 35900 1.2 
 
 
The same mixtures of DCTB, analyte, and HTFA was analyzed again, only this time the 
different matrix solutions were added in an equimolar amount to the TFA.  Comparison of the 
three reactions that took place can be seen in table 7-19.  The results show that in the comparison 
of reaction IX and reaction V, the exchange for the TFA anion was favored more with the 
addition of DHB for [C-Ru-D + 2ClO4-], slightly more abundant with the addition of CHCA and 
about equal when IAA was added.  The analysis of the [C-Ru-E + 2ClO4-] complex shows a 
greater abundance of the TFA counterion when CHCA was added; the abundance is lower for the 
TFA counterion than the original with the addition of DHB matrix, and when the IAA matrix is 
added the TFA anion is much less favored over the original counterion.  When comparing the 
exchange of the counterion for either a matrix anion or the TFA anion, the preference was found 
to be for the TFA anion, except for the [C-Ru-E + 2ClO4-] analyte when either DHB or IAA were 
added.  The addition of DHB produced equal abundance of the matrix anion and the TFA anion, 
while the IAA matrix favored the exchange for a matrix anion over a TFA anion. 
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Table 7-19.  Measured absolute peak areas of three different reactions that occur when adding 
HTFA and different matrices to initial mixture containing analyte and DCTB matrix. 
 
  DHB   Rxn V Rxn VI Rxn IX 
Ratio of  
Rxn IX/Rxn V 
Ratio of 
 Rxn IX/Rxn 
VI 
[C-Ru-D + 2ClO4-] 19200 21000 40300 2.1 1.9 
[C-Ru-E + 2ClO4-] 34900 25300 25000 0.7 1.0 
CHCA             
[C-Ru-D + 2ClO4-] 57100 24800 78200 1.4 3.2 
[C-Ru-E + 2ClO4-] 42800 30200 77800 1.8 2.6 
IAA             
[C-Ru-D + 2ClO4-] 30900 8600 25500 0.8 3.0 
[C-Ru-E + 2ClO4-] 30000 21100 9300 0.3 0.4 
 
 
 
Conclusions 
 
 The analysis of different ruthenium complexes has enabled the exploration of different 
reactions that occur in the MALDI process.  If the proper matrix was not chosen, then information 
about the result would surely have been lost.  DCTB proved to be the best matrix overall for the 
analysis of these inorganic complexes, however, even this matrix produced results that vary from 
the bench top reactions.  Many of these reactions are caused by sample preparation methods.  As 
in the case with the trifluoroacetic acid added to the mixture, new ions can be formed and make 
the analysis of the sample much more complex. 
 Some key reactions that were observed were the attachment of a neutral DCTB matrix 
moleclule to the ruthenium complexes.  The structure of the DCTB matrix is such that there is no 
free proton that can be lost in order to give rise to an anionic matrix.  This is believed to be the 
reason why the attachment of an intact matrix molecule is preferred over the attachment of an  
anionic species as was observed with the other matrices.   
 190
 Attempts to determine the relative binding strengths of different matrices to the different 
complexes has been demonstrated.  In the case of the (L-Ru<Cl2>Ru-L) complexes, the relative 
difference between chloride and the four different matrices was determined.  For the (Lx-Ru-Ly) 
complexes the relative binding strength of different counterions was demonstrated.  The weakest 
counterion was found to be PF6-; when analyzing with any matrix other than DCTB, this 
counterion was not observed.   
Overall it is important to remember that when obtaining only qualitative results,  and 
assuming that the bench top reaction is completed, the analyst must take into consideration that 
the instrument can cause further reaction, which will lead to new information.  MALDI should 
not be looked at as a simple analytical tool, but rather a more complex reaction vessel that 
produces analytical information. 
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CHAPTER 8: FUTURE WORK 
 
 
 
 
The work presented in this thesis covers a variety of investigations that all relate to 
developing a better understanding of the MALDI process.  During the course of the 
experimentation, or more recently while writing the thesis, a number of areas of interest arose that 
were tangential to the specific experiments undertaken at the time. This chapter serves as a 
summary of those ideas or experiments that could serve as continuations or new work towards a 
further understanding of the key issues of the MALDI process.   
 
Chapter 3: Calibration studies 
 
Several interesting ideas emerged from the study of the use of polymer samples to calibrate the 
MALDI TOFMS.  When the Reflex III TOFMS was calibrated with the PEG calibrant, it was 
noted that the RMS relative errors for both the PPG and MPEG check standards were 
significantly larger than those of the PEG; more importantly, the absolute errors were all positive. 
This is an unusual situation, suggesting that something in the desorption and ionization processes 
may be different for the different polymers. As the electrospray deposition experiments 
demonstrated that this was not due to stratification of the sample upon drying, a different 
explanation of these observations was needed. An alternative hypothesis is that as the size and 
shape of the polymeric check standards is different from the PEG, this may have an effect on 
where they are located within the initially expanding (high density) MALDI plume. The different 
analytes move to different locations within the acceleration region prior to application of the 
delayed extraction pulse, which then leads to the observed positive shifts in measured flight times 
(and after calibration, their masses). Note that this idea of molecular size and shape is the 
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principle behind the technique of ion mobility spectrometer (IMS).1  Several experiments could 
be performed using our commercial MALDI TOFMS instrument to investigate the “desorption 
IMS” event. A comparison could be made between linear and cyclic peptides comparing how 
they calibrate.  Examples include use of a linear peptide, such as angiotensin and gramicidin, a 
cyclic peptide, or the comparison of a cycoldextran with a similar molecular weight cut of linear 
dextrans.  In order to compare with the results that would be obtained from the MALDI 
experiments, the use of an IMS could help to determine if the way the cation is attaching to the 
different polymers has an affect on their shape, which would alter how they are diffusing through 
the plume.   
 Other experiments that could be performed to further test this hypothesis include 
increasing the laser energy, which will desorb more material and thereby increase the probability 
of the ions interacting with a denser plume, enhancing the calibration differences. Conversely, 
decreasing the laser power should decrease the ion/molecule interactions and decrease the effect 
of the shape of the molecules.  Another experiment involves decreasing the voltages applied in 
the source; this decreases the electric field applied to the ions, which will decrease the initial 
velocity of the ions and therefore minimize their interaction with the plume.   
 
Chapter 4: Dual electrospray deposition system 
 
 The dual electrospray deposition system demonstrated an improved method for the study 
of gas phase reactions within the MALDI plume, although further characterization of the samples 
produced by this process is needed.  In order to properly study the surfaces, measurements could 
be done in which the mixing could be properly studied  The use of different microscopy 
techniques, such as scanning electron microscopy or atomic force microscopy could also be 
performed.  Another method is the spraying down of two different fluorescent dyes and the use of 
fluorescence microscopy to observe the location of the separately deposited crystals.   
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Chapter 5: Gas phase reactions studies 
 
 In chapter 5, different gas phase reactions occurring within the MALDI plume were 
studied and proven to occur.  These studies could be further expanded beyond the cationization 
and counterion exchange reactions to study other systems, such as peptides or proteins, which 
prefer to undergo protonation.  The study of the gas phase protonation process could be done by 
using a non-proton donating matrix, such as the DCTB matrix, in order to desorb the analyte and 
then using another matrix, such as CHCA, in order to produce protons in the gas phase.  
Successful demonstration of the gas phase protonation process, could lead to development of a 
method using MALDI for making gas phase proton affinity measurements.   
  
Chapter 6:  Salt/analyte ratio studies 
 
  It was noted in chapter 6 that the commercially purchased DCTB matrix appeared to be 
contaminated with a low MW PPG-like polymer; where such a polymer contamination is coming 
from needs to be determined.  Another bottle of material (from the same manufacturer but of a 
different lot) should be purchased and measured under similar conditions in order to see if this is 
a common problem with this matrix.  Once this is determined, the quantity of the polymer 
contaminant should be measured and its removal attempted.  As it appeared that analyte 
competition was observed, the salt-to-analyte ratio studies involving the DCTB matrix should be 
repeated once the polymer contaminant is removed. 
Understanding the alkali competition effects of two polymer systems present at different 
molecular weights is another area of that should be explored.  The results of chapter 6 
demonstrate the different effects of the competition between the matrix and the analyte only.  In 
order to properly do these experiments a different polymer system must be studied in the same 
manner as the PMMA analyte was investigated.  Once the information about the new polymer 
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system is understood, studies involving the mixture of two polymers should be attempted.  
Studying the different alkalis and comparing them to the different results obtained for the single 
polymer systems should provide valuable information on how the cationization process will 
change with the addition of a second polymer system. 
Since all of the studies performed in this chapter are based on small amounts of alkali 
additions, a better understanding of where contamination of MALDI samples is occurring is 
needed.  One of the problems discussed is sample vials.  It was found that borosilicate glass does 
not leech a significant amount of alkali; however, in order to properly perform these studies the 
use of smaller volumes comparable to the volumes used in a standard MALDI experiment need to 
be measured.  These can be performed using a graphite furnace accessory for the AAS 
measurements.  Using this instrumentation will allow measurement of the small amount of 
contamination that occurs from the sample vial.  Due to the smaller sample volumes required, the 
graphite furnace system will also allow for the study of other variables such as solvent, polymer 
analyte, and also to directly measure the actual mixtures being deposited onto the MALDI plate.   
Another source of contamination was found to be the actual cationization agents 
themselves.  It was determined that there was a small presence of the other alkalis within the 
different salts chosen for use as the cationization reagent.  The use of higher purity hydroxide 
salts could be made; however, the effect different anions needs to be investigated as well.  
Another possibility would be to use the high purity hydroxide salts to synthesize high purity TFA 
salts, a product which would control the anion effect. 
In chapter 6, studies involving the combination of different matrices with different alkalis 
were performed.  There was work done to measure the sodium and potassium alkali affinities of 
some matrices using Fourier transform mass spectrometry (FTMS)2-4, however, there is a need to 
study the lithium affinity of these matrices as well.  Obtaining a better understanding of the 
affinities of the different matrices is important to understand some of the effects that are seen in 
the [S]/[A] ratio studies.  
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Chapter 7: Ruthenium complex studies 
 
 In chapter 7, several different ruthenium complexes were studied to demonstrate the 
reactions that can occur in the MALDI process.  The samples that were analyzed were not 
purified any further.  There is a need to purify these materials in order to confirm where some of 
these products are really forming.  Through the use of chromatography, there should be the ability 
to separate the unreacted materials that are still present in the sample mixture.   
 Another topic covered within this chapter is the measurement of the relative binding 
energies for the different ligands.  There is a need to further develop a method for the analysis of 
these types of ligands.  In order to do this, some reference compounds will need to be obtained, 
where the ligand binding energies are known.  Since there have been studies performed using 
FTMS to measure these values for other transition metals, these materials could serve as 
standards in these studies.  Also the reverse experiment should be performed in which both the 
known samples and the ruthenium complexes should be measured using the FTMS methods.  A 
confirmation that the FTMS method works will prove valuable, but also help to validate the use 
of a MALDI TOFMS system for performing these measurements as well. 
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APPENDIX A: LIST OF ABREVIATIONS 
 
 
 
 
AAS  flame-atomic absorption spectrometry 
AFM  atomic force microscopy 
CHCA  α-cyano-4-hydroxycinnamic acid 
ClO4   perchlorate 
CV  coefficient of variation 
D  distance 
Da  daltons 
DAHC  diammonium hydrogen citrate 
DCTB  trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malonitrile 
DHB  2,5-dihydroxybenzoic acid 
DI H2O  deionized water 
DPZP  2-(3,5-diphenyl-1H-pyrazol-1-yl)pyridine 
EDB  electrodynamic balance 
ES  electrospray 
ESD  electrospray deposition 
ESI  electrospray ionization 
FTMS or FTICR   fourier transform ion cyclotron resonance mass spectrometry 
HPLC  high-performance liquid chromatography 
HTFA  trifluoroacetic acid 
IAA  trans-3-indoleacrylic acid 
IMS ion mobility spectrometer 
INT  intercept 
KE  kinetic energy 
KTFA  potassium trifluoroacetate 
LiOH  lithium hydroxide 
LiTFA  lithium trifluoroacetate 
m  mass 
m/z mass-to-charge ratio 
MALDI  matrix assisted laser desorption/ionization 
MM  measured mass 
Mn number average molecular weight 
MPBI  1-methyl-2-pyridin-2-yl-1H-benzimidazole 
MPEG  polyethylene glycol monomethylether 
MS  mass spectrometry 
MST minimum spanning tree 
MW molecular weight 
N  number of monomer units 
NaTFA  sodium trifluoroacetate 
ND  not detectable 
OCN  oscillating capillary nebulizer 
PDTN  2'-[propane-1,3-diylbis(thioethane-2,1-diyl)]dipyridine 
PDTO  2,2'-[methylenebis(thioethane-2,1-diyl)]dipyridine 
PEG  polyethylene glycol 
PEPICO  photoelectron-photoion coincidence spectroscopy 
PF6  hexafluorophosphorous 
PIE  pulsed ion extraction 
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PMMA  poly(methyl methacrylate) 
ppb  parts per billion 
PPES  2,2'-[1,2-phenylenebis(thioethane-2,1-diyl)]dipyridine 
PPG  poly(propylene glycol) 
ppm  parts per million 
PTFE  teflon 
PTMEG  polytetramethylene glycol 
RMS root mean square 
Rxn  reaction 
[S]/[A]  salt-to-analyte ratio 
SEM  scanning electron microscopy 
SS  stainless steel 
t   time 
THF  tetrahydrofuran 
TOF  time-of-flight 
TOFMS  time-of-flight mass spectrometry 
TPS thin plate spline 
U  accelerating voltage 
UV  ultra violet 
v   velocity   
z  number of charges on an ion 
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